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REMARKS/ARGUMENTS 

Favorable consideration of this application as presently amended and in light of the 
following discussion is respectfully requested. 

Claims 9-11, 14, 15, 24-46, and 48-53 are pending in this application. Claims 1-8, 12, 
13, 16-23, and 47 have all been previously canceled without prejudice or disclaimer. Claims 
9, 25, 27-29, and 36 have been amended to correct a typographical error without the 
introduction of any new matter. 

The outstanding Official Action presents an objection to Claims 9, 25-29, and 36 as 
inserting new matter, a rejection of Claims 9-11, 14, 15, 25-46, and 48-53 under the first 
paragraph of 35 U.S.C. § 1 12, a rejection of Claims 9-11, 14, 15, 24-29, 34-45, and 48-53 
under 35 U.S.C. § 103(a) as being unpatentable over Rogers et aU (U.S. patent No. 4,571,819, 
Rogers ) in view of Lee et al (U.S. Patent No. 4,952,524, Lee) , and a rejection of Claims 30- 
33 and 46 as being unpatentable over Rogers in view of Lee and in further view of Dash et al . 
(U.S. Patent No. 5,173,439, Dash) . 

The objection based upon new matter made at page 2 of the outstanding Action as to 
the language in Claims 9, 25-29, and 36 that was added by amendment is clearly improper. 
See In re Rasmussen , 211 USPQ 323 (CCPA 1981); MPEP §706.03(o); MPEP §2163.01; and 
MPEP §2163.06, all as noted in the previous response. 

Turning first to MPEP §706.03(o) (Rev. 2. May 2004), this section notes that "[i]f 
new matter is added only to a claim , an objection using rForm Paragraph 7.281 should not be 
made, but the claim should be rejected using Form Paragraph 7.31.01 " (emphasis added). 
MPEP §2163.01 (Rev. 2. May 2004) also notes that if it is determined "that the claimed 
subject matter is not supported [described] in an application as filed," the claim is to be 
rejected using the written description requirement of the first paragraph of 35 U.S.C. §112, 
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not "rejected or objected to on the ground of new matter." The reason given in this section is 
that the above-noted Rasmussen decision limits any 35 U.S.C. §132 new matter objection to 
be "an objection to amendments to the abstract, specification or drawings." Further note that 
MPEP §2163.06 (I) (Rev. 2. May 2004) repeats these instructions and again cites the 
Rasmussen decision. 

MPEP §2163.06 (II) (Rev. 2, May 2004) further notes that that even if an objection as 
to new matter is made along with a corresponding rejection using the written description 
requirement of the first paragraph of 35 U.S.C. §112, these issues are to be decided on appeal 
to the Board. This section clearly precludes the requirement in the outstanding Action for the 
deletion of the objected to subject matter, as this would infringe on Applicants' right to 
appeal to the Board for review of the propriety of the objection along with that of the 
corresponding rejection. 

Accordingly, the withdrawal of this clearly improper and un- authorized objection to 
Claims 9, 25-29, and 36 is respectfully submitted to be in order as is withdrawal of the 
requirement to cancel the subject matter objected to as being drawn to new matter from these 
claims in response to the outstanding Action. 

Turning to the asserted lack of a written description to support the objected to subject 
matter of Claims 9-11, 14, 15, 24-46, and 48-53, it is noted that page 3 of the outstanding 
Action again relies on the MPEP §2173.05(i) and a statement therein (requiring that any 
negative limitation must "have basis in the original disclosure") incorrectly asserted to be 
from the cited Schecter decision. 

However, and as noted in the last response, MPEP §2173.05(i) merely points out that 
the Schecter case represents older decisions critical of negative limitations in terms of 
violating the second paragraph of 35 U.S.C. §112. This section goes on to note that the 
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current view is that a negative limitation can be used because such a limitation does not 
inherently violate the second paragraph of 35 U.S.C. § 1 12. While this section does note the 
requirement for a "basis in the original disclosure" for a negative limitation, it does not state 
that this is a requirement arising from the Schecter case. 

In any event, and as further noted in the last response, this requirement for a "basis in 
the original disclosure" is not a requirement that there must be literal support present in the 
specification before a negative limitation can be used in a claim. In this regard, this section 
specifically cautions examiners that "a lack of literal basis in the specification may not be 
sufficient to establish a prima facie case for lack of descriptive support" (emphasis added). 

This caution is in agreement with controlling court decisions noted in the last 
response that set forth that the PTO may not interpret the written description requirement to 
require literal (exact word) support in the specification. See, e.g., Martin v. Johnson 172 
USPQ 391, 395 (CCPA 1972) (stating "the description need not be in ipsis verbis [i.e. "in the 
same words"] to be sufficient"). The PTO further acknowledges this controlling court 
precedent in MPEP §2163.02 that notes that "[t]he subject matter of the claim need not be 
described literally (i.e., using the same terms or in haec verba) in order for the disclosure to 
satisfy the description requirement" (col. 1 on page 2100-178 of Rev. 2, May, 2004). 

Page 14 of the outstanding Action appears to misconstrue this point to be an assertion 
by Applicants that the lack of a positive recital of the presence of a dopant of boron or 
phosphorus for lowering the melting-temperature of the silicon oxide in the specification is 
being urged to be ALONE a basis for claiming this lack of a melting-temperature-lowering 
dopant of boron or phosphorus in the silicon oxide film. Instead of suggesting this, the last 
response pointed out that the statement of page 3, lines 32-36, of the original specification 
(" , it is difficult in the existing state to obtain high purity organic silicon source because 
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of limitation in a material refining technique for the organic silicon source") and the clear 
teaching of this statement to the worker of ordinary skill in the art familiar with the meaning 
of "high purity" is one (but not the only) disclosure that points to providing a highly pure 
silicon oxide film from the high purity source. In this respect, those of ordinary skill in the 
art would clearly understand that the language "high purity" has a meaning that precludes the 
presence of impurities, like dopants of boron or phosphorus. 

Moreover, it is submitted that workers of ordinary skill in the art would further know 
that TEOS is an acronym used to indicate a type of source (tetraethylorthossilicate) of known 
composition (Si(OC 2 H 5 ) 4 ) as noted at page 3, lines 1 1-14 of the specification, for example. 
Those familiar with chemistry, as the worker of ordinary skill must be, would understand that 
the very name (tetraethylorthossilicate) and its known composition (Si(OC2H 5 ) 4 ) clearly 
indicate the absence of any boron or phosphorus. Similarly, the chemical definitions 
presented at page 9, lines 20-26 of this organic silicon material and the others suitable for the 
"organic silicon based CVD method" for producing the silicon oxide films would be 
understood by the artisan to contain no boron and/or phosphorus. 

As further noted in the last Action, the acronym "BPTEOS" is used by the artisan to 
indicate the presence of these dopants of boron or phosphorus or the material is referred to as 
being "doped TEOS." The worker of ordinary skill in the art would, thus, understand that 
there is a distinction as between "TEOS" and "BPTEOS." Note, for example, the abstract 
and col. 4, lines 28-38 in Lee , relied upon to reject the claims based upon obviousness, that 
disclose the understanding of the artisan that phosphorus and boron dopants are present in 
"BPTEOS" and not in "TEOS." Note the further acronym "PTEOS" (discussed at col. 4, 
lines 65-68) is used by the artisan when just phosphorus dopant is present. 
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It is not clear if the PTO is simply ignoring the meaning to the artisan of the 
specification requirement for a "high purity organic silicon source" and the difference to the 
artisan between "TEOS," PTEOS," and "BPTEOS" established by Lee, or if the PTO needs 
more evidence of the artisans understanding that "TEOS" CVD processing is employed to 
produce Si02 films without boron or phosphorus being present. If the PTO is simply seeking 
added evidence of the use and meaning of "TEOS," Applicants submit herewith Documents 
1, 13, 16, 18, 20, and 24 that are included as part of the attached "LISTING AND 
COMMENT ON DOCUMENTARY EVIDENCE that precedes the attached numbered 
documents 1-24 and gives a brief synopses of the content of each document and the reason it 
is cited as evidence that the present application including an adequate written description of 
the invention under the first paragraph of 35 U.S.C. §1 12 and or why the PTO assertions of 
inherent results of heating are without merit, as well as identifying documents 1-24 by author, 
title, date, and page(s). 

While the disclosure also indicates that the Spin-On-Glass (SOG) method is an 
alternative to the claimed "CVD method using an electrically inert organic silicon source," 
see page 6, lines 5-8, and page 23, lines 13-19, Document 17 indicates that SOG methods 
also inherently produce oxides without boron or phosphorus dopants. 

In any event, it is sufficient that the disclosure teaches the use of the above-noted 
films formed using the claimed CVD method and organic based silicon source materials 
disclosed at page 9, lines 20-26 in terms of chemical formulas that do not include either 
boron or phosphorus. Those familiar with chemical formulas, like the worker of ordinary 
skill in the art, would recognize that if either boron or phosphorus were included, the 
formulas given would include the chemical symbol for boron or phosphorus. As the 
chemical formulas presented in the specification include no chemical symbol indicating any 
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boron or phosphorus is included with the organic silicon source materials to be used with the 
CVD method is if they are provided from some other source. However, no such source of 
boron or phosphorus is disclosed. 

Furthermore, the disclosure of other suitable materials possibly being included in the 
formed oxide does not mean that they must be included or that they would produce the same 
results the inclusion of boron and/or phosphorus would. In addition, in terms of a CVD 
method using organic silicon source with a silicon hydrogen compound such as SiH 4 , or 
silicon chloride such as SiCU, there is no disclosure that dopants reducing melting 
temperature, like boron and phosphorus, are present or result after the method is performed. 

In addition, Fig. 7B of this application shows clearly the relationships between the 
etching rates of the claimed non-doped oxide film and annealing temperature while Fig. 7 A 
shows the relationship of ring structures and dislocation suppression to annealing temperature 
for the oxide film formed using such an organic silicon source-CVD method. If the oxide 
films had been doped with boron or phosphorus, the relationships between the etching rates 
and annealing temperature would show different curves and the films would melt in the range 
of 950 to 1 150 degree C as taught by Rogers (see col. 6, lines 26-29) relied upon in the 
outstanding Action to reject all of the pending claims. 

In this regard, the annealing point of any glass substance is well understood to relate 
to particular viscosity conditions vastly different from melting viscosities. See the attached 
copy of pages 572-73 of the "Kirk-Othmer Encclopedia of Chemical Technology" (1994) 
with regard to the viscosity points labeled on the right hand vertical axis of Fig. 6 and the 
discussion of melting viscosities at page 573, lines 16-18. The apparent reading of 
"annealing temperature" for oxides formed from the disclosed and claimed organic silicon 
sources by a CVD method of the present application as being the same thing and having the 
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same inherent results as subjecting the Rogers doped glass layer to its melting temperature is 
clearly without basis in fact here or in the below noted prior art based rejections. 

Further in this regard, if the disclosed oxide films formed by a CVD method using an 
organic silicon source were doped with boron or phosphorus in some manner clearly not 
disclosed in the present application, then the Raman spectra shown in Figs. 6A and 6B of this 
application would indicate the presence of boron or phosphorus by peaks in the illustrated 
curves at 670 cm" 1 and at 520 cm" 1 . Note again the Journal of Non-Crystalline Solids 
article attached to the Amendment filed November 7, 2002, and its showing that if a silicon 
oxide film contains boron, the Raman spectra should have a peak at 670 cm" 1 (See Fig.3 and 
table 3 of Journal of Non-Crystalline Solids). Further, if the measured silicon oxide film 
had contained phosphorus, the Raman spectra should have a peak at 520 cm" 1 (See Fig.4 and 
table 4 of Journal of Non-Crystalline Solids). As no peak at 670 cm" 1 or 520 cm" 1 appears 
in Figs. 6A and 6B of this application, it is inherent that the silicon oxide film has no dopant 
of boron or phosphorous. Such inherency further establishes the specification support for the 
claimed lack of dopants now specified to be boron or phosphorous. See MPEP §2 163.07(a) 
citing In re Reynolds , 170 USPQ 94 (CCPA 1971) and In re Smvthe . 178 USPQ 279 (CCPA 
1973). 

Page 15 3 lines 1 1-14 of the outstanding Action would essentially ignore the fact that 
Figs. 6A and 6B of this application have no showings of peaks at 670 cm" 1 or 520 cm" 1 and 
the further fact that this lack of a showing of such peaks proves the absence of boron or 
phosphorous. See item 6 of the attached Declaration of Professor Kimura setting forth that 
the absence of any showing of such peaks at 670 cm* 1 or 520 cm' 1 makes the absence of 
dopants of boron and/or phosphorus clear. Thus, the argument of page 15, lines 1 1-16 of the 
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outstanding Action that the showings of Figs. 6A and 6B are closer to the Raman spectra for 
doped silica than for pure silica are clearly without merit. 

The analysis at page 15, lines 14-16 of the outstanding Action is further faulty in 
noting that "[i]n Fig. 1 [of the Journal of Non-Crystalline Solids article], a pure fused silica 
should have a spike at 485 and a peak at 440 cm' 1 , while Figs. 6A-B only show a peak at ~ 
490 without a spike. As noted in item 7 of the attached Declaration of Professor Kimura, 
"the person of ordinary skill in the art would realize that the arbitrary units for intensity in 
these two different Figures are just that and that the scale for wavelength is also not intended 
to be highly precise. They would further note that the leading spike of the series of spikes 
ranging between about 440 to just under 500 cm" 1 are in the correct area to correspond with 
the leading spike and trailing peak noted in the outstanding Action." 

Accordingly, the rejection of Claims 9-11, 14, 15, 25-46, and 48-53 under the first 
paragraph of 35 U.S.C. § 1 12 is traversed for all the above noted reasons 

Turning to the rejection of Claims 9-11, 14, 15, 24-29, 34-45, and 48-53 under 35 
U.S.C. § 103(a) as being unpatentable over Rogers in view of Lee , it is noted that page 4 of 
the outstanding Action presents an analysis of independent Claim 9 subject matter that is 
clearly improper in failing to consider limitations recited therein that the PTO has objected to 
as being drawn to new matter and asserted to be the basis for the rejection of all the pending 
claims under the first paragraph of 35 U.S.C. § 1 1 2. Similarly, the outstanding Action 
presents an analysis of independent Claims 25-29 and 36 that is clearly improper in failing to 
again consider these same claim limitations. This approach to ignoring express claim 
limitations violates both the MPEP and case law guidelines. 

With regard to MPEP guidelines, MPEP 706.03(o)(3) notes that that "[a]s to any other 
appropriate prior art or 35 U.S.C. 112 rejection, the new matter must be considered as part of 
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the claimed subject matter and cannot be ignored." MPEP §2 143. 03 farther notes that the 
case of Ex parte Grasselli , 231 USPQ 393 (Bd. App. 1983 ) aff d mem 738 F.2d 453 (Fed. 
Cir. 1984) sets forth that even if the negative limitations do not appear in the specification as 
filed, it is error to disregard these limitations when determining whether the claimed 
invention would have been obvious in view of the prior art. In addition, MPEP §706.02(j) 
requires that the prior art reference (or references when combined) must teach or suggest all 
the claim limitations to establish a prima facie case of obviousness and that MPEP §2143.03 
also states that to establish prima facie obviousness of a claimed invention, all the claim 
limitations must be taught or suggested by the prior art. In re Royka , 490 F.2d 981, 180 
USPQ 580 (CCPA 1974). "All words in a claim must be considered in judging the 
patentability of that claim against the prior art." In re Wilson . 424 F.2d 1382, 1385, 165 
USPQ 494, 496 (CCPA 1970). 

As the outstanding Action has clearly improperly ignored the limitations of the claims 
it asserts are "new matters," no prima facie case has been established and the rejections 
offered as to Claims 9-1 1, 14, 15, 24-46, and 48-53 should all be withdrawn. 

Besides improperly ignoring the limitations characterized in the outstanding Action as 
"new matters," page 4 of the outstanding Action further errs by alleging that the teachings of 
Rogers somehow suggest that the "dislocation density" in the vicinity of the grooves is 
"minimized." This is apparently based on the misstatement that Rogers melting and/or 
remelting are somehow "annealing" or that simply raising a pure oxide and an oxide doped 
with boron and phosphorous to the same temperature inherently results in the same 
dislocation density of independent Claims 9, 25, 28, and 29 or the claimed ring structures of 
independent Claims 26, 27, and 36. However, in order to establish inherency, MPEP 
§21 12(IV) requires more than an assertion; instead, the PTO requires the examiner to 
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"provide a basis in fact and/or technical reasoning to reasonably support the determination 
that the allegedly inherent characteristic necessarily flows from the teachings of the prior art." 
This requirement has not been met here. 

In addition, the comments presented as to Documents 2-4, 6-9, 12-17, 19-22, and 24 
render the assumption in the outstanding Action that the temperature alone will determine the 
changes undergone by the materials to which it is applied as being clearly without merit. 

Accordingly, the theory that Rogers inherently teaches the subject matter of the 
claimed dislocation density and ring structures or teaches something inherently resulting in 
this claimed subject matter is also without merit. 

Accordingly, the PTO must explain how the Rogers use of doped silicon oxide that 
has a melting temperature lowering dopant of boron or phosphorous to perform reflow for 
planarization can be said to teach the subject matter of the above-noted independent claims 
prohibiting the presence of such doped silicon oxide that has a melting temperature lowering 
dopant of boron or phosphorous. In addition, the PTO must explain how the Rogers use of 
doped silicon oxide that has a melting temperature lowering dopant of boron or phosphorous 
to perform reflow for planarization can be said to be somehow disclosed to be part of an 
"annealing ... so that dislocation density generated in the corresponding device region in a 
vicinity of the grooves is minimized." Note col. 5, lines 55-62 of Rogers disclosing that the 
silicon dioxide layer 19 is to be formed to a thickness of 2.5 microns with 3-9 weight % 
impurities such as phosphorus or boron, for example. This need for dopants in the silicon 
oxide could not be clearer, nor could the need for the SiN layer to block diffusion of the 
dopant into the underlying structure be any less clear. See col. 3, lines 35-37 and lines 49-52. 

Clearly, Rogers includes no disclosure or suggestion of the claimed absence of a 
reflow-method using doped silicon oxide for planarization, the doped silicon oxide containing 
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a melting-temperature-lowering dopant of boron or phosphorus for lowering the melting- 
temperature of the silicon oxide. Note further that col. 6, lines 18-22, of Rogers state that the 
doped glass is melted and reflowed by applying a temperature of about 950 degree to 1,150 
degree C. Further, col. 6, lines 26-29, of Rogers state that the process collapses the voids 21- 
21 and reflows the upper surface 26 of the glass to a substantially level topography, the main 
objective of Rogers . 

Further, Rogers fails to teach or suggest the claimed step of depositing oxide films in 
the grooves by a CVD method using an electrically inert organic silicon source, which does 
not contain the melting-temperature-lowering dopant of boron and phosphorous . Col. 5, lines 
55-62, of Rogers state that the doped silicon dioxide glass layer 19 is formed to a thickness of 
about 2.5 microns c ontaining 3-9 weight percent of impurities such as phosphorus or boron , 
e.g., using the low pressure chemical vapor deposition technique. 

Furthermore, Rogers is silent about changing the ring structure of the oxide films by 
annealing the semiconductor substrate without melting the oxide films. As indicated above, 
col. 6, lines 18-22, of Rogers state that the doped glass is melted and reflowed. 

Turning now to Lee, there is no disclosure or suggestion of the claimed method that is 
done without using any melting-temperature-lowering dopant of boron or phosphorus for 
lowering the melting-temperature of the silicon oxide. Col. 4, lines 51-57, of Lee state that 
the layer 23 is formed from precursors, together with dopants , provided the doping level in 
the layer 23 is lower than in the layer 25 so that the layer 25 will have a lower flow 
temperature than layer 23. Moreover, col. 4 , lines 58-60, of Lee state that the flow 
properties of dielectrics deposited from BPTEOS are substantially influenced by the 
percentages of included boron and phosphorous . Further, claims 1 and 13 of Lee prescribe the 
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step of depositing a filler material upon said thermal stress relief layer, said filler material 
having a flow temperature which is lower than the flow temperature of said thermal stress 
relief layer, claims 5 and 6 of Lee sate that the filler material contains dopant of boron and 
phosphorous . Furthermore, claim 13 of Lee prescribes the step of heating the flowable filler 
material to cause the filler material to flow . 

Further, Lee fails to teach or suggest the claimed depositing of oxide films in the 
grooves by a CVD method using an electrically inert organic silicon source, which does not 
contain the melting-temperature-lowering dopant of boron and phosphorous . Col. 4, lines 31- 
38, of Lee teaches the decomposition of TEOS in the presence of phosphorous and boron 
dopants in a reactor. 

Furthermore, Lee is silent about changing a nring structure of the oxide films by 
annealing the semiconductor substrate so as not melt the oxide films. Col. 5, lines 7-16, of 
Lee state that after filler material 25 has been deposited, it is flowed by heating it, either in a 
furnace or by a rapid thermal anneal (RTA) process. 

Clearly, the proposed combination of Rogers and Lee does not cure the deficiencies of 
Rogers , because both references fail to teach or suggest claimed method, which does not use 
the reflow-method with the doped silicon oxide for planarization. 

Moreover, the outstanding Action fails to present a reasonable motivation as to why 
the artisan would have abandoned the main objective of Rogers In terms of the col. 6, lines 
26-29, described intent to collapse the voids 21-21 and to reflow the upper surface 26 of the 
glass to a substantially level topography that requires the presence of boron or phosphorous 
by abandoning the use of boron and phosphrus. Any proposed modification that would 
render a reference unsatisfactory for its intended purpose is generally held not to be an 
obvious one. See In re Gordon . 221 USPQ 1 125, 1 127 (Fed. Cir. 1984). 
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Accordingly, the rejection of independent Claims 9, 25-29 and 36 as being 
unpatentable over Rogers in view of Lee is traversed for all the above noted reasons. 

As Claims 10, 11, 14, 15, 34, 35, 37-45, and 48-53 depend from one of the above 
noted independent claims, they are each believed to define patentably over the applied 
references for the same reason their respective base independent claim does. In addition, 
each of these dependent Claims adds subject matter not taught or suggested by these relied 
upon references. Note, for example, the width recited by Claim 51 is not taught or suggested 
by either Rogers or Lee and that the ability to obtain such a fine width is a clear advantage. 
The assertion that criticality has not been established at page 12 of the outstanding Action is 
without merit. 

The rejection of Claims 30-33 and 46 is further traversed as the teachings of Dash do 
not cure the deficiencies in Rogers or Lee that were noted above. In addition, the need for the 
SiN layer to block diffusion of the dopant into the underlying structure of Rogers is clear. 
See col. 3, lines 35-37 and lines 49-52. Thus the apparent suggestion that the artisan would 
be motivated to eliminate this SiN barrier layer needed to block diffusion of the dopant into 
the underlying structure of Rogers is without merit. Likewise without merit is the attempt at 
page 13 of the outstanding Action to somehow equate the requirement of Claims 30-33 for 
direct deposit of the oxide films on the walls of the groove to be "a dimension or . . . another 
variable" requiring a showing of criticality. 
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As no further issues are believed to remain outstanding in this application, it is 

believed that this application is clearly in a condition for formal allowance and an early and 

favorable action to this effect is, therefore, respectfully requested. 

Respectfully submitted, 

OBLON, SPIVAK, McCLELLAND, 
MAIER & NEUSTADT, P.C. 
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GLASS 573 

most common methods. Viscosity between 10 6 -1 Pa s (10 7 -10 P) is measured with 
a Margules viscometer, a calibrated instrument which measures the force exerted 
by molten glass upon a rotating spindle. The softening point of a glass cannot be 
defined by a precise viscosity. However, ASTM C338 defines the softening point 
as the temperature at which a uniform fiber of glass 0.55-0.75 mm diameter and 
23.5 cm long elongates under its own weight at 1 mm/min when the upper 10 cm 
is heated at 5 C W For glass having a density of 2.50 g/cm 3 , this corresponds 
to a viscosity of 10™ Pa-s (10™ P). The exact viscosity is a function of density and 
surface tension. The annealing point is the temperature that corresponds to a 
viscosity of approximately 10 12 Pa-s (10 13 P) (ASTM C336 and C598) At the an- 
nealing point, internal stress is reduced to an acceptable value in about 15 min 
The strain-point temperature is the lower end of the annealing range and is ao- 

r p e rr? ly 10 F rJT7 } (As ™ c33e and ^ ^lj^ iz 

temperature" a ° Ceptable leVel in a PP roxi niately four hours at the strain-point 

snn iff! ? USUaUy mdted and **** at ^sities between 5 and 50 Pa-s (50- 
500 P) but forming and final viscosity requirements vary greatly. The ranges of 
viscosity for various forming methods are compared in Figure 7 
m . ^ iti6 j ° f gl f S , are compared qualitatively. A hard glass has a high soft- 
ening point and a soft glass has a lower softening point. Long and short refers to 
the temperature difference between the softening and strain point of glass A long 

? ?ir S /« T ^ ? tUre difference betwee n its softening and strain point 
ie, it solidifies (sets up) slower than a short glass as temperature decreases 

ra nJnf erm f fT n t 0f l.- The thermal ex P ansion of a glass determines the 
range of materials to which it can be safely sealed. It also affects the ability of the 
glass to survive thermal shock or cycling. The usefulness of glass as a heat ex- 

tl^ZZ a therma 2 haTTi T itS GaSe ° f melting and formin g' on its 

sasss SeS and emissivity - ^ upper use te ~ re is a 

i, J^uT T ateria ! S ' glass ex P ands when * is heated and contracts when it 
is cooled. If the thermal cycling is slow enough, there is virtually no hysteresis 
effect. Linear expansion, AL/L, is the change in length per initial length Gener- 
ally the expansion is proportional to temperature up to 300°C or more, depending 
thVl'f ™ e Sl0pe ° f the linear ex P^ion vs temperature curve the linear 
30oTf CXpa, ; S10n C0€ffici fit, «, is therefore virtually constant between 0 and 

Ship STfK g aSSeS ' Sn th f a °- 300 is 3 USeful pr °P ert y for comparisons (see 
+ S'O ^ temperature of the glass to near the set point (strain point 
is I expansion increases more rapidly (compare Figure 1, which 

JL ?l7 i~ P ! ra ^ ^ f ° r 3 general glass) - ^ volume-temperature 
^ f^ous to linear expansion (length-temperature) curves. The density, 
£ which depends on the temperature, is easily calculated from the density at room 
temperature and the appropriate linear thermal expansion coefficient 

The sealing of glasses to either metals or other glasses depends on the ther- 
mal expansion mismatch of the two materials as well as their rheological and 

gass flows and intimately contacts the other material. In the case of glass-to- 
glass seals, the glasses flow together and bond extremely well. For glass-to-metal 
seals, however, a complicated and rigorously controlled oxidation-reduction re- 
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Properties 

Rheological. The viscosity of a glass determines its melting, forming and 
annealmTprocedures as well as the limitations of its use at high tenure 
^scosity is ordinarily measured between 10 13 and 10 Pa-s (10" and 100 P); at 
rloTtemperSure it is greater than 10" Pa s (10 20 P). The rapid but smooth 
changeTf vfscosity with temperature is shown for several glasses in Figure 6. 
Compositions andproperties are shown in Tables 3, 4, and 
fiers on the viscosity of glass at high temperature depends on their polanzabihty 
or iomc field strength (58). Low field-strength modifiers decrease the viscosity of 
sU ca mo^than high field-strength ones. At low temperature, the effects of a 
iX on viscosity are largely controlled by its 

with higher coordination numbers tend to increase low temperature viscosity as 
Tresulfof packing restraints (see RHEOLOGICAL MEA»N^. 

Reference points on the viscosity-temperature curve m Figure 7 have been 
chosen to charaLrize properties of an individual glass and to facilitate compar 
isoi o sinS gLses Those used most frequently are the working, softening 
a^dtag^ strain points. Definitions of these selected points are given bj 
STM ^e worLg point of a glass is the temperature at which its v 1S co S1 ty u 
eSetfy 1 kP™ (10* P). At this viscosity, glass is sufficiently flmd for forming b> 




LISTING AND COMMENT ON DOCUMENTARY EVIDENCE 



[1] S. A. Campbell. "The Science and Engineering of Microelectronic Fabrication, " Oxford 
University Press (1966), p. 324; 

Lines 9-10 of this textbook state that the toxicity of phosphine and silane used in PSG 
deposition, and lines 16-18 state that the need for hazards chemicals such as phosphine is 
eliminated in TEOS deposition. Therefore, it is clear that the term "TEOS" means "non- 
doped TEOS," which eliminates the usage of impurity atoms such as boron (B) and 
phosphorus (P) atoms in the deposition. 

On the contrary, Lee et al. employ the terms "BPTEOS" and "PTEOS" to as to 
specify the incorporation of impurity atoms. For example, in BPTEOS, 3 percent boron and 
3 percent phosphorous by weight is added (See column 4, lines 28-38). In column 4, lines 
28-38, Lee et al. clearly define that "the expression 'depositing a layer of BPTEOS' is 
generally understood by those skilled in the art to mean the deposition of a dielectric layer by 
decomposition of TEOS in the presence of phosphorous and boron dopants in a reactor." 

Furthermore, in column 4, line 65 to column 5, line 3, Lee et al. clearly define that 
"the expression 'PTEOS' is generally understood by those skilled in the art to mean the 
deposition of a dielectric layer by decomposition of TEOS in the presence of phosphorous 
with no significant amount of boron dopants in a reactor." 



[2} A. Hamada et al.. "A new aspect of mechanical stress effects in scaled MOS Devices, " 
IEEE Transaction on Electron devices, Vol. 38, No. 4, April, 1991, pp895-900; 

In Table 1, set of material values of Young's module E(GPa), Poisson's ratio v and 
thermal expansion coefficient a (10" 6 /°C) used in mechanical stress simulation for Si, Si0 2 , 
PSG, and Al are shown. Table 1 shows different materials have different material values, 
which give different mechanical stresses. That is, if materials are different, the defects 
generated by mechanical stresses vary depending on material values. 

As A. Hamada et al. disclose, the dislocation density is not determined only by 
process temperatures, but it depends on material values of Young's modulUS E(GPa), 
Poisson's ratio" v and thermal expansion coefficient a (10~ 6 /°C), it is clear that the assertion 
that the claimed dislocation inherently occurs in the heating step of the prior art even if boron 
and phosphorous dopants are contained in the silicon oxide film is not based on a sound 
scientific basis. 

Furthermore, please note that the term "Si0 2 " is clearly differentiated from the term 
"PSG" in A. Hamada et aL , because the nomenclature of "SKV is accepted by the artisan as 
a non-doped material, which excludes the incorporation of impurity atoms such as boron (B) 
and phosphorus (P) atoms. To the contrary, Rogers employ the terms "doped silicon dioxide 
glass layer 19" (See, for example, column 5, lines 55-59) and "doped glass" (See, for 
example, column 6, lines 18-22) so as to specify the incorporation of impurity atoms. The 
expression "BPSG" is generally understood by those skilled in the art to mean Si02 layer 
containing phosphorous and boron dopants, the expression "BSG" is generally understood by 
those skilled in the art to mean Si02 layer containing boron dopants, and the expression 
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"PSG" is generally understood by those skilled in the art to mean Si02 layer containing 
phosphorous dopants. 

[3] K. Ishimaru et al. t "Mechanical stress induced MOSFET punch-through and process 
optimization for deep submicron TEOS-03 filled STI devices " in VLSI Tech. Dig. Tech. 
Papers, June 1997, pp. 123-124; 

As co-authors of this document, co-inventors of the present invention, namely K. 
Umezawa and N. Tuchiya are included, because this document is partly based upon the 
disclosure of the present invention. As stated on page 1223, left column, lines 14-16, 
mechanical stress induced defect generation accompanying the MOSFET punch-through in 
TEOS-O3 filled STI structure is reported for the first time, and Fig. 6 shows a relationship 4 
between the defect density and annealing temperature. The relationship shown in Fig. 6, is s 
substantially the same result as the relationship shown in Fig. 4 of the present invention. That 
is, we believe there was no research work, which measured defect density associated with 
STI filled with TEOS oxide film and determined the relationship between the defect densities 
and annealing temperature in TEOS-O3 filled STI structure, until the pioneering work of the 
present inventors. 

Therefore, if the PTO asserts that the claimed dislocation inherently occurs in the 
heating step of the prior art even if boron and phosphorous dopants are contained in the 
silicon oxide film being melted, the PTO must show a similar relationship to that shown in 
Fig. 4 of the present invention in the prior art, because the initial burden is on the PTO to 
show the claimed dislocation inherently occurs in the heating step of the prior art. 



[4] H.S. Lee et al.. "An Optimized Densification of the Filled Oxide for Quarter Micron 
Shallow Trench Isolation (STI), " in 1996 Symposium on VLSI Technology Digest of 
Technical Papers, pp. 158-159; 

Size dependency of defects is disclosed on page 158, left column, line 2 from the 
bottom to right column line 7. Once again, defects depend on more than temperature. Page 
19, lines 10-14 and page 27, line 34 to page 28, line 4 of the specification show a width of 0.3 
[im. Figs. 5 and 9 disclose L/S=0.35 jxm/0.35 ^im, which means the width of the groove is 
0.35 fim. Page 6, line 6 to page 7, line 8, page 29, lines 25-35, and Fig. 1 1 of the application 
show the defect density is reduced at an aspect ratio of less than 10. As page 19, lines 10-14 
state depth of 1 Jim, the grooves can have a width of 0.1 (im to keep the aspect ratio of less 
than 10. Furthermore, Eq. (3) shown on page 7 prescribe the relation: 

I1/I2 <1.5 ...(3) 

where li is the width of groove and 1 2 is the width of the device region (SDG region) 
sandwiched by the grooves. Since, for example, page 11, lines 10-16 state the width of the 
device region is 0.3 \im y the width of groove must be less than or equal to 0.2 jim to satisfy 
the Eq. (3). 

Rogers fail to show a groove having such a width. Essentially, since the stress relief 
oxide layer 16 must have the thickness of about 30 to 100 nm, the polycrystalline silicon 
etch-stop layer 17 must have the thickness of about 100 to 300 nm, and the silicon nitride 
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barrier layer 18 must have the thickness of 100 to 250 nm to appropriately provide the 
functions of the respective layers, such as blocking the diffusion of dopant from the doped 
silicon dioxide glass layer 19, the width of groove must be greater than 0.5 |im. 

Similarly, Lee discloses trenches as narrow as 0.6 \xm and as wide as 30 |xm, but fail 
to show a trench narrower than 0.5 jim (see column 3, lines 39-3) 

Although the size limitation is only directly incorporated into Claim 51, the Examiner 
should consider the size dependency of defects, and the Examiner must show claimed 
dislocation density generated in the corresponding device region in a vicinity of the grooves, 
which is less than 1 |im~ 2 , because the initial burden is on the Examiner to show the claimed 
dislocation density as inherent is more fully noted in the remarks. 

[5] K. Shiozawa et al.. "Electrical Characteristics of Ultra-fine Trench Isolation Fabricated 
by a New Two-Step Filling Process, " Jpn., J. Appl. Physics, Vol. 35 (1996), pp. LI 625- 
L1627; 

Employment of soft TEOS-SiC>2 and hard high-density SiC>2 in two-step oxide filling 
is disclosed on page LI 625, left column, lines 20-21. The term "soft" and "hard" mean that, if 
materials are different, the defects generated by mechanical stresses ascribable to the filling 
materials in the trench vary depending on hardness of the filling materials. 



[ 6] G. Scott et al.. "NMOS drive current reduction caused by transistor and trench isolation 
induced stress, " in IEDM Tech Dig., 1999, pp. 827-830; 

The results of SUPREM simulation are illustrated in Fig. 8, which show that stress in 
the diffusion area varies with the size of the diffusion, increasing from 2.4 to 5.7 X 
10 9 dyne/cm 2 as gate length L shrinks from 2.4 to 1.2 jim (See page 829, right column, lines 
5-2 from the bottom). 

Thus, it is evident that the dislocation density generated in the corresponding device 
region in a vicinity of the grooves varies strongly with the size of the subject devices. 

[7] P. Ferreira et al.. "Elimination of stress induced silicon defects in very high-density 
STRAM structures, " in Proc. ESSDERC, 2001, pp22 7-230; 

Silicon defects induced by mechanical stress is reported. As Fig. 5 shows impact of 
gate material intrinsic stress and oxidation induced stress, the stress varies with gate materials 
(See page 227, left column, line 4 to right column lines 5-2 from the bottom). The fact 
disclosed in P. Ferreira et al. implies that the defects generated in the corresponding device 
region in a vicinity of the grooves vary with material values of the filling materials in the 
grooves. 



[8] R.A. Bianchi et al.. "Accurate Modeling of Trench Isolation Mechanical Stress Effect on 
MOSFET Electrical Performance, " in IEDM Tech Dig., 2001, pp. 11 7-120; 



of phosphorous and boron dopants in a reactor." Furthermore, in column 4, line 65 to column 
5, line 3, Lee et al. clearly define that the "expression 'PTEOS' is generally understood by 
those skilled in the art to mean the deposition of a dielectric layer by decomposition of TEOS 
in the presence of phosphorous with no significant amount of boron dopants in a reactor." 



[19] KOkonosiet al.. "Defect control of STI process technology, "A., NEC Res. Dev. 
(Japan), vol 42, no. 1, pp. 59-63, (2001); 

K. Okonogi et al. teach that even in 2001, five years layer than application date of the 
present invention, "although it is believed that dislocation is caused by localized stress near 
trench, there have been no systematically studies on the relationships between the localized 
stress and dislocation density for various STI process (See page 59, left column, lines 19-23). 

Furthermore, K.Okonogi et al. once again teach that different trench structure have 
different types of mechanical stress (See page 59, right column, lines 22-24). 



[20] I V. Peidous et al. " 'Critical states of stress evolution in silicon structures of ULSIwith 
shallow trench isolation, " ULSI Process Integration, Proceedings of the First International 
Symposium (Electrochemical Society Proceedings Vol 99-18), pp.243-254 (1999); 

LV. Peidous et al. teach that even in 1999, three years later than application date of 
the present invention, "the analysis of stress in semiconductor structure is a complex 

task As soon as the stress state of a structure is determined, however another question 

rises - what reasonable criteria should be used for linking the stress and device structure 
vulnerability to defects (See page 248, lines 10-19)." 

LV. Peidous et al. cite the documentary evidence [3] ( K. Ishimaru et al. .) as a 
pioneering work, which compared defect densities in STI device element (See page 244, lines 
1-5). Thus, it can be concluded that there was no research work determining the relationship 
between the defect densities and annealing temperature in TEOS-O3 filled STI structure 
known to these authors until the pioneering work of the present inventors. 

LV. Peidous et al. further teach, "characteristics of an STI physical structure which 
control stresses and, therefore, stress-induced defect formation include geometric parameters 
and mechanical properties of the materials integrated in STI" (See page 249, lines 24-26), not 
just the temperature being applied. 

Furthermore, in Fig. 6, intrinsic stresses in LPCVD TEOS film, as-deposited and 
densified, are shown. And LV. Peidous et al. disclose that, by densification of the TEOS 
film, the mechanical property of the TEOS film is transformed into that of thermal oxide film 
defects (See page 250, lines 1-11). Because the original meaning of "the thermal oxide" 
exclude the incorporation of impurity atoms such as boron (B) and phosphorus (P) atoms, the 
teaching of LV. Peidous et al. confirms that the term "TEOS" means "non doped TEOS," 
which excludes the impurity atoms. On the contrary, Lee et al. employ the terms "BPTEOS" 
and "PTEOS" so as to specify the incorporation of impurity atoms. 



Relationships between mechanical stress induced by shallow trench isolation and 
geometry variations, such as Active Area (AA) size & shape, gate location inside AA are 
reported. The fact disclosed in R.A. Bianchi et al. implies that the defects generated in the 
corresponding device region in a vicinity of the grooves depend on the geometry variations. 

[9] W.G. En et al. "Reduction ofSTI/active Stress on 0.18m SOI Devices Through 
Modification of STI process, " in IEEE Int. SOIConf, 2001, pp85-86; 

The effect of STI stress on the device characteristics is measured by using test 
transistors with different active sizes. The facts disclosed in W.G. En et al. implies that the 
defects generated in the corresponding device region in a vicinity of the grooves depend on 
the geometry variations. 



[10] J. W. Sleizht et al.. "Stress Induced Defects and Transistor Leakage for Shallow Trench 
Isolated SOI " IEEE Electron Device Letters, Vol. 20, No. 5, May 1999 pp. 248-250; 

In J.W. Sleight et al. , the documentary evidence [3] (K. Ishimaru et al .,) is cited as a 
pioneering work (See page 248, left column, lines 23-26). No other research work 
determining the relationship between the defect densities and annealing temperature in 
TEOS-O3 filled STI structure until the pioneering work of the present inventors was known to 
Sleight et al. 

[11] D.Ha et al.. "Anomalous Junction Leakage Current Induced by STI Dislocations and Its 
Impact on Dynamic Random Access Memory Devices, " IEEE Transaction on Electron 
devices, Vol. 46, No. 5, May 1999, pp940-946; 

In D. Ha et al. , the documentary evidence [3] ( K. Ishimaru et al., ) is cited as a 
pioneering work (See page 940, right column, lines 4-8). Once again, there was no research 
work determining the relationship between the defect densities and annealing temperature in 
TEOS-O3 filled STI structure until the pioneering work of the present inventors again was 
known to these authors. 



[12] C. Gallon et al. "Electrical Analysis of Mechanical Stress Induced by STI in short 
MOSFETs Using Externally Applied Stress, " IEEE Transaction on Electron devices, Vol 51, 
No. 8, August 2004, pp. 1254-1261; 

C. Gallon et al. teach that even in 2004, eight years later than application date of the 
present invention, "stress is difficult to measure locally and is also difficult to simulate, since 
there is a critical lack of data for many thin-film material used in technological process (See 
page 1254, right column, lines 11-15)". 

As stated on page 1254, left column, lines 23-27, the stress depends on mechanical 
properties and thermal coefficient mismatches, the dislocation densities generated in the 
corresponding device regions in vicinities of the grooves vary for different materials filled in 
the grooves. 



[13] P.Ferreira et al. "Finite Element Optimization of a MOSFET Structure: The Role of 
Interlayer material for Residual Stress Reduction, " in IEDM Tech Dig., 2005, pp. 503-506; 



As shown in Fig. 12, the term "TEOS" is clearly distinguished from the term "BPSG" 
in P.Ferreira et al. , because, to a person having ordinary skill in the art, the nomenclature of 
"TEOS" is accepted as a non-doped material, which excludes the incorporation of impurity 
atoms such a boron (B) and phosphorus (P) atoms. On the contrary, Lee et al. employ the 
terms "BPTEOS" and "PTEOS" so as to specify the incorporation of impurity atoms. For 
example, in BPTEOS, 3 percent boron and 3 percent phosphorous by weight is added (See 
column 4, lines 28-38). In column 4, lines 28-38, Lee et al. clearly define such that "the 
expression 'depositing a layer of BPTEOS' is generally understood by those skilled in the art 
to mean the deposition of a dielectric layer by decomposition of TEOS in the presence of 
phosphorous and boron dopants in a reactor." Furthermore, in column 4, line 65 to column 5, 
line 3, Lee et al. clearly define such that the "expression 'PTEOS' is generally understood by 
those skilled in the art to mean the deposition of a dielectric layer by decomposition of TEOS 
in the presence of phosphorous with no significant amount of boron dopants in a reactor." 

P. Ferreira et al. teach that the device containing BPSG have been found free from 
dislocations, whereas the device that did not contain BPSG exhibit dislocation loops (See 
page 504, right column, lines 2-9)." Thus, the PTO cannot show the claimed dislocation 
density generated in the corresponding device region in a vicinity of the grooves is just 
because of heat because materials filled in the groove are different. The teaching of 
P.Ferreira et al. clearly negates the outstanding Action assertion that the claimed dislocation 
inherently occurs in the heating step of the prior art even if boron and phosphorous dopants 
are contained in the silicon oxide film being melted. 

[14] C. Gallon et al. t "Electrical analysis of mechanical stress induced by shallow trench 
isolation, " ESSDERC 2003, Proceedings of the 33 rd European Solid-State Device Research 
Conference, 16-18 September 2003, pp. 359-362; 

C. Gallon et al. teach that even in 2003, seven years later than application date of the 
present invention, "stress is difficult to measure locally and is also difficult to simulate, since 
there is a critical lack of data for many thin-film material used in technological process (See 
page 359, right column, lines 9-6 from the bottom)." 

From Eqs. (1) and (2), which show that the stress depends on geometrical dimensions 
and mechanical properties such as the Young's Modulus E, it can be understood that the 
dislocation densities generated in the corresponding device regions in vicinities of the 
grooves vary for different materials filled in the grooves and different geometries and is not 
simply a matter of the temperature applied. 

[15] S.H. Shin et al.. "Data retention time and electrical characteristics of cell transistor 
according to STI materials in 90 nm DRAM, " J. Korean Phys. Soc. (South Korea), vol. 43, 
no. 5, November 2003, pp. 88 7-89 7; 

Fig. 9 shows the shear stress characteristics of the structure in which only HDP oxide 
is filled in the STI groove is different from the structure in which HDP oxide and poly- 



silazane (P)-SOG oxide are filled in the STI groove. Thus, S.H. Shin et al. teach that the 
dislocation densities generated in the corresponding device regions in vicinities of the STI 
grooves vary for different materials filled in the STI grooves. Once again, temperature alone 
does not determine dislocation density. 



[16] A. Armigliato et aL. "Strain analysis in sub-micron silicon devices by TEM/CBED, IOP 
Publishing, "Microscopy of Semiconducting Materials 2001, " Proceedings of the Royal 
Microscopical Society Conference, Oxford University 25-29 March 2001, pp.467-472; 

Fig. 3 shows differences of the tensor traces for a sample in which a lower HDP oxide 
is covered by an upper TEOS oxide as shown in Fig. 1 (a) and another sample in which the 
lower HDP oxide is covered an upper HDP oxide as shown in Fig. 1 (b). Thus, A. Armigliato 
et al. also teach that the dislocation densities generated in the corresponding device regions in 
vicinities of the STI grooves vary for different materials filled in the STI grooves. 

Please note on page 468, lines 12-14, which state that the oxides are annealed at a 
very high temperature to obtain near thermal oxide characteristics. Because the original 
meaning of "the thermal oxide" exclude the incorporation of impurity atoms such as boron 
(B) and phosphorus (P) atoms, the teaching of A. Armigliato et al. confirms that the term 
"TEOS" means "non doped TEOS," which excludes the impurity atoms. 



[1 7] Jin-Hwa Heo et aL. "Void free and low stress shallow trench isolation technology using 
P-SOG for sub 0. / jum device, " 2002 Symposium on VLSI Technology Digest of Technical 
Papers, June 11-13, 2002, pp.132-133; 

Fig. 5 shows P-SOG has lower compressive stress than HDP oxide because of its 
lower density (See page 132, right column, lines 3-4). Thus Jin Hwa Heo also teach that the 
dislocation densities generated in the corresponding device regions in vicinities of the STI 
grooves vary for different materials filled in the STI grooves. 

As illustrated by FT-IR spectra shown in Fig. 3, the nomenclature of "SKV is used to 
indicate a non doped material, which excludes the incorporation of impurity atoms such as 
boron (B) and phosphorous (P) atoms as a person having ordinary skill in the art would 
understand. 



[18] T Nakamura. "Novel pulse pressure CVDfor void free STI trench TEOS fill, " 2001 
IEEE International Symposium on Semiconductor Manufacturing, ISSM 2001, Conference 
Proceedings, October 8-10, 2001, pp. 1 1 7-120; 

As shown in Table 2, the TEOS CVD process condition uses only TEOS gas as a 
source gas, and the employment of dopant gas containing such as boron (B) atoms and/or 
phosphorous (P) atoms is eliminated in LP-CVD equipment. On the contrary, Lee et al. 
employ the terms "BPTEOS" and "PTEOS" so as to specify the incorporation of impurity 
atoms. For example, in BPTEOS, 3 percent boron and 3 percent phosphorous by weight is 
added (See column 4, lines 28-38). In column 4, lines 28-38, Lee et al. clearly define that 
"the expression 'depositing a layer of BPTEOS 5 is generally understood by those skilled in 
the art to mean the deposition of a dielectric layer by decomposition of TEOS in the presence 



[21] K.F. Dombrowski et al t "Investigation of stress in STI using UV-Raman spectroscopy, " 
ESSDERC '99, Proceedings of the 29?* European Solid-State Device Research Conference, 
13-15 September 1999, pp. 196-1 99; 

Figs. 3-5 shows mechanical stresses for the groups having a width and spacing of 3.0, 
2.0, 1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.45, 0.4 and 0.35 \im from the rigjit, and teach that the trench 
dimension has a large impact on the stress level. The dependence of the stress on the trench 
dimension is complicated, because as the lines become narrower, the stress increases up to 
the 1.0 jam group, and then the stress decreases again form the 1.0 jim group (See page 198, 
right column, lines 7-18)." Once again, temperature alone will not dictate the stress. 



[22] Soon Moon Juns et al, "High density low power full CMOS SRAM cell technology with 
STI and CVD Ti/TiN barrier metal, " ICVC '99. ^-International Conference on VLSI and 
'CAD, October 26-27, 1999, pp.1 19-121; 

Soon Moon Jung et al. teach that the magnitude of the stress depends on not only the 
IC process but also on active pattern shapes (See page 119, left column, lines 28-29). The 
teaching of Soon Moon Jung et al. clearly negates the theory that temperature alone controls. 

[23] Daewon Ha et al., "Anomalous junction leakage current induced by STI dislocations 
and its impact on dynamic random access memory devices, " IEEE Trans. Electron Devices, 
vol 46, no. 5,pp.940-946 (1999); 

Daewon Ha et al. cite the documentary evidence [3] (K. Ishimaru et al.,) pioneering 
work (See page 940, right column, lines 4-8). Thus, it can be concluded there was no / 
research work determining the relationship between the defect densities and annealing 
temperature in TEOS-O3 filled STI structure, known to these authors until this pioneering 
work. 



[24] G. Simpson et al, "Sub-OA 8 jum STI by APCVD TEOS: Ozone/' European 
Semiconductor, vol 21, no. 9, pp. 31-34 (1999). 

Fig. 6 (page 33, the third Figure from the top) shows that the film stress depends on 
deposition temperature of TEOS, and higher-temperature exhibit higher compressive stress 
post-dense (See page 34, left column, lines 6-9). However, deposition temperature of doped 
glass stated in Rogers et al. is about 500-800°C (See column 5, lines 59-62), which is higher 
than normally employed deposition temperature of TEOS. 

Then in view of the teaching of G. Simpson et al. . it clearly cannot be shown that the 
claimed dislocation density generated in the corresponding device region in a vicinity of the 
grooves is inherent in Rogers . 

Fig. 1 (Page 31, the top Figure in the central column) shows a schematic view of a 
monoblok of TEOS: Ozone liner injector, by which reactant (TEOS) and oxidizers 
(02/Ozone) are injected in separate laminar curtains without employing dopant gas (See page 
31, right column, lines 7-10). Therefore, it is clear that the term "TEOS" means "non doped 



TEOS," which eliminates the usage of impurity atoms such as boron (B) and phosphorus 
atoms in the deposition. On the contrary, Lee et al. employ the terms "BPTEOS" and 
"PTEOS" so as to specify the incorporation of impurity atoms. 
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RgtlPe 13-10 Deposition rate of PSG in an APCVD system (after Kern and Rosier, *I977. MP). 

As will be discussed in Chapter 15, it is often desirable to deposit silicon dioxide films with 4 
to 12% phosphorus. These phosphosilicate glasses (PSG) soften and reflow at moderate temperatures, 
smoothing wafer topology and gettering many impurities. PSG can be formed in an atmospheric 
process by adding phosphine (PH 3 ). Figure 13.10 shows a typical plot of the deposition rate of PSG 
versus temperature and oxygen to hydride flow rates. For high oxygen concentration ambients (30:1), 
the deposition rate increases sharply with temperature and is probably reaction rate limited. For low 
oxygen containing ambients (2.5:1), the growth rate actually decreases slightly with increasing tem- 
perature. The phosphorus content of the film can be controlled by changing the phosphine to silane 
ratio. Due to the toxicity of phosphine and silane, APCVD systems designed for PSG deposition are 
generally housed in a vented cabinet. To improve uniformity and step coverage, many PSG and 

borophosphosilicate glass (BPSG) processes now use 
organometallic sources such as TEOS (tetraethyloxysi- 
lane or Si(0C 2 H 5 ) 4 ). TEOS and ozone can also be used 
to deposit Si0 2 at about 400°C [10]. TEOS is supplied 
as a stable, inert, high vapor pressure liquid that is used 
in a bubbler (see Section 3.8). One of the advantages of 
using TEOS is the elimination of the need for some of 
the hazardous chemical handling. The lines from the 
bubbler must be heated to prevent deposition on the 
walls of the tubing. Various alternate organometallics 
have also been investigated. Hexamethyldisiloxane 
((CH 3 )3-Si-0-Si-(CH 3 )3), a linear disiloxane, has also 
shown excellent characteristics comparable to TEOS 
[1 1], but the deposition rate was found to depend on the 
substrate material. Similar films have also been depos- 
ited from hydridospherosiloxanes [12] with wet oxygen 
at about 500°C. 

The major drawback of APCVD is particle for- 
mation. While particle formation in the gas phase can 
be controlled by adding a sufficient amount of N 2 ° r 
another inert gas, heterogeneous deposition can also oc 




(Substrate) 



FlgUPB 13-11 Showerhead design used to minimize 
deposition at the nozzle by maintaining an inert curtain 
between the reactants. 
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Abstract— Deviation in device characteristics due to mechanical stress 
is investigated experimentally and analytically from the viewpoints of 
scaling and hot-carrier effects. In scaled MOS devices, the effect of 
uniaxial stress is reduced. However, the effect of vertical stress, such 
as mold stress, becomes a serious problem when the vertical stress 
causes compressive surface stress. Compressive stress has a serious 
effect on electron trapping in Si0 2 . These results provide important 
guidelines for the manufacture and package design of deep submicro- 
meter devices. 



I. Introduction 

AS MOS devices are scaled down to the deep-submicrometer 
region, new reliability problems arise corresponding to each 
generation. Of these problems, new physical phenomena con- 
sidered to be related to mechanical stress are more significant 
for the manufacture and package design of deep-submicrometer 
devices. This is mainly because several kinds of device degra- 
dation resulting from process-induced mechanical stress cause 
additional reliability problems. This trend calls for a deeper 
physical understanding and re-examination of ULSI reliability 
from the viewpoint of mechanical stress. 

Zekeriya et aL studied the dependence of radiation-induced 
interface traps on gate-induced strain using gate material as a 
parameter [1]. Large compressive strain exists at the surface of 
thick gate electrodes and there are fewer radiation-induced in- 
terface traps in thick-gate electrode devices. This suggests that 
interface trap generation tends to reduce under compressive sur- 
face strain. Mitsuhashi et aL studied hot-carrier effect on de- 
vices with various passivation layers (e.g., PSG, p-SiON, 
p-SiN, p-SiO) [2]. Under compressive stress, the shift in 
threshold voltage (AK th ) is bigger than in nonstressed devices. 
However, hydrogen effect is also included, so the reason why 
AV th is bigger in compressed devices was not clarified. 

This paper investigates the device characteristics by impos- 
ing external mechanical stress on a Si chip and experimental 
results are physically analyzed by mechanical stress simulation 
(SIMUS 2D/F) [3]. The new findings obtained are as follows: 
1) Transconductance deviation (AG m /G mo ) M due to external 
mechanical stress is reduced, rather than enhanced, in scaled 
MOS devices because of modulated stress distribution in the 
channel, and 2) shift in threshold voltage (A^ th ) due to hot- 
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carrier injection increases under external compressive stress be- 
cause of an increased electron capture rate in Si0 2 . These re- 
sults will provide significant guidelines for the manufacture and 
package design of deep-submicrometer devices. 

II. Sample Preparation and Measurement Setup 

Both n- and p-channel single-drain MOSFET's fabricated on 
( 100) oriented substrates were evaluated. The gate oxide thick- 
ness T ox was 10 nm, the gate length L Was 0.5-10 fim, and the 
gate width W was 10 and 100 /*m. An external stress ranging 
from —200 to 200 MPa was applied using the four-point-bend- 
ing technique, as shown in Fig. 1. The surface stress (a x ) was 
calculated from beam analysis using weight ( W ) precisely con- 
trolled by the tensile testing machine (Instron type 1381). 

M = — Wa bending momentum 

a < x < (a + c) 
Z = bh 2 /6 cross-section coefficient 

o x = M/Z 

= 6aW/(bh 2 ) surface stress 

where a denotes the distance between props, b denotes the chip 
width, and h denotes the chip thickness. The surface stress a x 
between props is assumed to be uniform. The arrangement used 
in this study was a) longitudinal, o x //(J J_ (01 1 )) and b) trans- 
verse, o x X (7 J_ (01 1 )), where J indicates the direction of cur- 
rent flow. 

A stress analysis program named SIMUS (stress analysis pro- 
gram for multilayer structure) 2D/F, which can analyze the 
stress state of thin multilayer structures such as LSI devices 
throughout their manufacturing process, was used. This pro- 
gram has three special features: 1) flexibility to changes in the 
modeling region in the thin-film deposition process, 2) efficient 
calculation by reducing the size of the modeling region assum- 
ing an equivalent wafer, that is, a thin, stiff, and artificial layer 
representing the stiffness of the most part of the wafer, and 3) 
viscoelastic analysis with temperature-dependent material prop- 
erties. Simulated device structure, which is the same one as the 
measured samples, is described in Fig. 2. The boundary con- 
ditions were: one end in the X direction was fixed along x = 0 
( Y direction free), another end was movable (symmetry). In the 
Y direction, the bottom was fixed (X direction free) and the 
surface was free. The set of material values used is listed in 
Table I for T = 0°C. A dummy region was used to produce an 
external force with the thermal expansion coefficient of the sil- 
icon substrate set to zero. Here, the applied temperature was 
0°C, so the viscoelastic effect was ignored. 
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Fig. 1. Schematic diagram of measurement setup: a x — 6W{a/ bh 2 ). 
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Fig. 2. Simulated device structure with the boundary conditions. The 
structure is the symmetry. 



TABLE I 

List of Values Used for Mechanical Stress Simulation 





£(GPa) 


V 


a(10- 6 /°C) 


Si [8] (poly-Si) 


168 


0.2 


3.8 


SiO, [8] (CVD SiO,) 


70 


0.17 


0.6 


PSG [9] 


70 


0.28 


4.6 


Al [10] 


61.7 


0.34 


23.2 



III. Experimental Results 

A, Influence on Device Characteristics 

Fig. 3 shows external mechanical stress dependence of 
transconductance deviation (AG m /G mo ) M in the linear region, 
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Fig. 3. Mechanical stress dependence of {AG m /G nt0 ) (□, O, A: L = 2, 

1 , 0.8 fim). 



with L as a parameter. G mo is defined as a value with no external 
mechanical stress. For NMOS technology, as is well known, 
(AG m / G mo ) M decreases under compressive stress (a x < 0) and 
increases under tensile stress (<j x > 0) due to the pressure de- 
pendence of the bandgap [4] . 

For PMOS, on the other hand, (AG m /G mo ) M decreases under 
compressive stress and increases under tensile stress when the 
stress is transverse to the current flow and vice versa when the 
stress is longitudinal to the current flow. These phenomena can 
be attributed to energy-level change in the valence band caused 
by external stress [5]. It should be noted that the slope 
((AG„,/G mo ) M versus a x ) depends on L in both NMOS and 
PMOS. The channel length dependence of the piezoresistance 
effect (PE) was reported somewhere else [6]. They deduced that 
process-induced stress is tensile and larger in smaller devices, 
and large tensile stress results in small PE. However, our sim- 
ulation results is different from it as follows. 

To clarify L dependence, mechanical stress distribution was 
simulated by imposing 10" 4 strain in the X direction to achieve 
the condition of the measurements. For the first approximation, 
it is sufficient to take only the surface component into account 
because the thickness of the inversion layer is on the order of 
100 A. Apparently, tfie distribution of a x along the channel, as 
shown in Fig. 4, reveals the gate length dependence. The gate 
edge is defined as the origin an;* the X axis is described in units 
of L. For the longer channel device, o x concentrates at the gate 
edge and becomes a stable value in the middle of the channel. 
However, in the shorter L, no local concentrated stress com- 
ponent appears even at the gate edge. In addition the value of 
o x is smaller than that in the long channel. From these simulated 
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Fig. 4. Distribution of surface stress o x due to external tensile strain ( 10 4 
strain) along the channel. E si = 1.68 x 10 5 MPa. 

results, the stress distribution due to external stress is strongly 
influenced by L and this causes various device characteristics. 

In order to examine the correlation between (&G m /G mo ) M 
measured electrically and a x calculated analytically, the gate 
length dependence was plotted as shown in Fig. 5. The maxi- 
mum surface stress o x along the channel region (Fig. 4) was 
chosen. (AG m /G mo ) M was measured under a tensile stress (o x 
= 150 MPa) in the longitudinal arrangement. L dependence of 
(AG m /G mo ) M and o x is steeper in the region where L < 2 
compared with L > 2 /xm. That is, both (AG m /G mo ) M and a x 
decrease as L decreases. Furthermore, L dependence of 
(AG m /G mo ) M in NMOS begins to change at L < 5 fim, and it 
is different from that in PMOS. This difference probably results 
from a difference of effective mass in the electron and hole. The 
difference of effective mass contributes to deviation on device 
characteristics due to uniaxial stress; however, a further study 
is expected to describe this phenomena precisely. Therefore, 
under external stress, the L dependence of (AG m /G mo ) M results 
from the L dependence of the o x distribution. 

An analytically vertical force was imposed on the device from 
the top layer, described as DUMMY2 in Fig. 2. A constant 
strain was assumed by using the same thermal expansion coef- 
ficient. Stress profile strongly depends on the structure and ov- 
erlaid films, so the Young's modulus was chosen as a parameter 
to examine the difference of used overlaid films. From the sim- 
ulation results, the polarity of induced surface stress depends 
on the Young's modulus of the top layer (£ top ). If E iop < E sl , 
the surface stress is compressive; otherwise, if E lop > £ si , the 
surface stress is tensile. Fig. 6 shows simulated surface stress 
a x distribution along the channel using E top ~ 100 MPa and E si 
= 1.68 x 10 5 MPa. Surface stress a x is compressive and its 
value increases monotonously from the gate edge of the channel 
region. As shown in Fig. 7, the L dependence of the maximum 
a x along the channel shows the same tendency for all externally 
applied forces. Therefore, if an external force causes tensile 
stress at the surface, its effect on device characteristics is less 
in scaled devices, regardless of whether the external forces are 
one- or two-dimensional. However, if the external forces cause 
compressive stress at the surface, they begin to seriously affect 
reliability. This is discussed in the next section. 

B. Influence on Hot-Carrier Effect 

Surface-state density D it was observed before and after bend- 
ing by a high-frequency method and a quasi-static method as 
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shown in Fig. 8. Obviously, no additional D it was generated by 
compressive stress. Thus bending the silicon chip caused no 
change in the initial device characteristics in terms of £> u . 
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der external stress. 



Tig. 9 shows the time dependence of device degradation due 
to drain-avalanche hot-carrier injection in both NMOS and 
PMOS under external stress in the longitudinal arrangement. 
G m degradation was not seriously affected by the mechanical 
stress. However, it is obvious that A V th is large under com- 
pressive stress for both NMOS and PMOS. The surface states 
induced by hot carriers are not increased by external stress. In 
terms of A V th , on the other hand, the capture rate of electrons 
in Si0 2 is found to be greatly influenced by external compres- 
sive stress in the longitudinal arrangement. Fig. 10 shows the 
relationship between the surface-state density and G m degrada- 
tion (AN SS /N SS0 versus AG m /G mo ), with the gate length Las a 
parameter, after drain avalanche hot-carrier injection. The sur- 
face-state density N ss was measured by the charge pumping 
technique before and after hot-carrier injection for each case. 
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AN SS induced by hot-carrier injection can be described as a sim- 
ple function of G m degradation. 

AX SS /N SS0 = C(AG m /G mo )\ C constant. 

This result also implies that the mechanical stress does not af- 
fect the generation of surface-state density. From Figs. 9 and 
10, even at room temperature, surface compressive strain is 
strongly related to the electron trapping process. Here, the bond 
angles of Si-O or Si-H are modulated by mechanical stress, 
which results in the change of the electron trapping process. 
However, this discussion is merely speculation. 

In actuality, the stress profile induced by the thermal process 
is considered to affect device characteristics. A stress profile 
induced by thermal process was examined. In this study, the 
intrinsic stress was not considered. Process condition is listed 
in Fig. 1 1 . Although stress o x is concentrated at the gate edge 
for L > 1 fim, no concentrated component appears forL = 0.5 
jtm as shown in Fig. 12. This is because in smaller devices, the 
restricted strength induced by the polysilicon gate is weakened. 
For L — 2 /-im, a compressive component appears at the gate 
edge, but only a tensile component appears for L < 1 jxm. Thus 
the stress distribution and its polarity strongly depend on the 
gate length. Fig. 13 shows o x distribution along the channel 
with L as a parameter. For the longer gate length, o x changes 
drastically at the gate edge, and for the shorter gate length o x 
changes gradually. These results are similar to those in Fig. 4. 
This suggests that the effects of process-induced stress on basic 
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device characteristics is lower in scaled MOS devices. Fig. 14 
shows o x distribution in Si0 2 along the channel. Only compres- 
sive stress components appeared for each gate length and the 
surface stress changed abruptly at the gate edge. For device 
reliability problems like hot-carrier effects, local stress is con- 
sidered to affect device degradation because hot carriers are in- 
jected locally at the drain edge [7]. In order to consider L de- 
pendence of mechanical stress effects on hot-carrier degradation, 
an interface stress component, o x in Si and Si0 2 at 0.1 fim from 
the gate edge, is plotted in Fig. 15. In the silicon substrate, a x 
changes polarity as L decreases from compressive to tensile. As 
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mentioned above, compressive stress accelerates device degra- 
dation by hot carrier; therefore, the process-induced surface 
stress profile improves with scaling. a x in Si0 2 also decreases 
in value even if it is compressive. This is also a desirable di- 
rection for reliability. 

IV. Conclusion 
Mechanical stress effect was studied as one of the new reli- 
ability issues for deep-submicrometer MOS devices. Deviation 
of device characteristics due to uniaxial stress strongly depends 
on gate length. This results from redistribution of stress in the 
channel due to external stress, which is strongly dependent on 
L. That is, the shorter the gate length, the smaller the o x due to 
external stress along the channel. However, the simulated re- 
sults suggest that if external two-dimensional forces like mold 
stress cause compressive surface stress, their effect becomes a 
serious problem in smaller devices. Thus for final fabrication 
processes like packaging, such an effect should be considered. 
Furthermore, experiments on hot-carrier injection show that ex- 
ternal compressive stress longitudinal to the current flow in- 
creases the capture rate of electrons in Si0 2 and that tensile 
stress has less influence on device degradation in both NMOS 
and PMOS. In the deep-submicrometer devices, as long as pro- 
cess-induced stress under the gate is tensile, the effect on device 
degradation will be low. However, when it becomes compres- 
sive, much care will be necessary in process/device design. 
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Introduction 

Shallow trench isolation (STI) is the key technology for deep 
submicron devices and begins to be used practically for advanced 
logic and memory LSIs. With down-scaling of device dimensions, 
the aspect ratio of trench increases and trench filling becomes 
severe even in STI structures. Therefore, choice of filling material 
for high aspect ratio trench is one of the important issues for deep 
submicron STI devices. Although the TEOS-Q film shows good 
refilling characteristics, it requires high temperature annealing in 
order to minimize HF etch-rate and this high temperature process 
results in large volume change with high mechanical stress [1]. 
However, the impact of this stress on device functionality and 
process optimization have not been investigated. 

In this paper, mechanical stress induced defect generation 
accompanying the MOSFET punch-through in TEOS-Qj filled STI 
structure is reported for the first time. This defect is located only 
in channel region beneath the gate oxide and causes enhanced 
diffusion of source/drain impurity. The residual mechanical stress 
of filling material and the gate electrode cause this phenomenon. 
Suppression of the defect generation by optimizing high 
temperature annealing process is also described and is verified by 
SRAM test vehicle. 

Mechanical Stress-induced MOSFET Punch-through 

The fabrication process of MOSFET with STI structure was 
based on 0.35 um technology [2]. The trench depth was 0.7um to 
achieve 0.4um n+/p+ spacing. The channel width of each 
transistor used in memory cell was 0.35um and the isolation 
width was 0.4um. The TEOS-O, film was used as a filling material 
to fill such high aspect ratio trenches. After CMP planarization, 
high temperature (>1000°C) annealing was carried out to minimize 
HF etch-rate similar to thermal oxide. The gate electrode was 
consist of poly-Si(200nm)/WSi(100nm)/SiN(200nm) stacked 
structure and lOOnm thick SiN sidewall was applied. In order to 
verify the manufacturability of this process, thousands of SRAM 
test vehicles (256kbit) were fabricated. As a result, it was found 
that some SRAM chips suffer from specific functional failure with 
large stand-by current more than lOuA/fail-bit. The leakage 
current level was higher four order of magnitude than that of 
junction leakage current of total active region. Moreover, the 
leakage current had negative temperature dependence and was same 
as the nMOS inverter's. These results suggest that some access 
transistor in cell array did not cut-off with very small probability. 
In fact, it was verified that an access transistor in the fail chip had 
large source/drain punch-through current. Therefore, it was 
concluded that the leakage current flew from bit-line to Vss-line 
through nMOS inverter consisted of access transistor and latch 
nMOS as shown in Fig.l. The I-V characteristic of access 
transistor in cell array which accompanies source/drain punch- 
through characteristic is also shown in Fig.2. It should be noted 
that this current is not a gate leakage current nor a junction 
leakage current of source/drain region. 
Analysis 

The origin of the punch-through phenomenon was studied. 
Figure 3 (a) shows SEM photograph of 0.35um 6T SRAM cell 
after Wright etching which shows source/drain punch-through 
characteristics. As shown in the photograph, needlelike extended 
source/drain region was observed. It is considered that this 
enhanced source/drain impurity diffusion is caused by the defect 
along the channel, since the cross sectional TEM photograph 
reveals that crystal defects are formed in this channel region as 
shown in Fig.3(b). It should be noted that this defect appears 



beneath of the gate oxide and clearly different from the ion- 
implantation-induced defect at source/drain region. Moreover, 
this defect was observed only in access transistors and not 
observed latch transistors of memory cell. 

In order to analyze this phenomenon, stress simulation was 
carried out by ABAQUS. Figure 4 shows simulated maximum 
Mises stress of active region of 6T cell in case that TEOS-O3 
annealing temperature was 1000°C. The channel region with 
concave corner shows maximum Mises stress more than 300MPa 
and corresponds to the region where channel defect appears as 
shown in Fig.3(a). Additional factor of this defect generation is 
the material stress of the gate electrode. There was a report about 
W polycide gate stress which causes dislocation in LOCOS 
structure [3]. As shown in the Fig. 3(a), this defect was observed 
only access transistor region, though both access and latch 
transistor have concave corner. The difference between these 
transistors are the total gate electrode length. In the 6T cell 
structure, the gate electrode length of latch by nMOS and pMOS is 
about 3um as shown in the cell layout of Fig. 3. On the other 
hand, the gate electrode of access transistor (word line) was 
connected with more than 50 cells and its total length exceeds 
lOOum. From above results, it is concluded that mechanical stress 
by filling material and additional stress by the gate electrode 
material cause this defect generation in channel region. 
Process Optimization 

Process integration for avoiding the mechanical stress induced 
source/drain punch-through was also studied. The relaxation of 
residual stress is the fundamental solution of this problem. Since 
process temperature after STI formation is 800-850°C, it is 
important to reduce mechanical stress around this temperature. In 
order to minimize residual stress of the filling materials, high 
temperature annealing after trench filling step was investigated. 
Figure 5 shows temperature dependence of TEOS-O3 film stress as a 
parameter of annealing temperature. By 1200°C annealing, TEOS- 
0 3 films stress at 850°C decreased to =0MPa while 1000°C annealed 
sample shows more than lGPa. Annealing temperature 
dependence of defect density is also shown in Fig.6. As shown in 
the figure, 1200°C annealed sample shows defect free 
characteristics. The impact of 1200°C annealing on suppressing 
defect-induced MOSFET punch-through is shown in Fig.7. It was 
confirmed that TEOS-O3 filled STI can be applied to 0.35um 6T 
cell without degrading device yield by introducing optimized high 
temperature annealing. Moreover, simulated mechanical stress 
indicates that 10<7c size reduction in channel width increases the 
mechanical stress about 5% as shown in Fig.8. This result means 
that down-scaling of STI device dimensions in future LSIs will 
require careful process/material design as mentioned above for 
achieving lower mechanical stress and higher manufacturability. 
Conclusion 

Source/drain punch-through due to channel defect in TEOS-O3 
filled STI structure was found for the first time. This defect 
generation was caused by residual stress of filling material and 
assisted by the gate electrode material stress. Optimized high 
temperature annealing achieved defect free characteristics and 
enabled TEOS-O3 as a filling material of STI structure without 
degrading device yield. Process integration for future STI devices 
should take account of this phenomenon carefully from a 
manufactuability point of view. 
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Figure 3 : (a) SEM photograph of active area which shows punch-through characteristics after Wright etch, 
(b) Cross sectional TEM photograph of access transistor which shows punch-through characteristics. 
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ABSTRACT 

Densification methods using H2O and N2 ambient 
annealing of the filled CVD oxide for quater micron STI are 
compared. Although the H2O ambient oxidation is more 
effective in terms of the resistance against the HF etching, 
volume expansion by the trench sidewall oxidation generates 
a large amount of stress in the narrow isolation region. 
However, an N2 gas ambient annealing at high temperature 
shows a low stress and a low HF etch rate which enable us to 
fabricate the stable quater micron STI. 

INTRODUCTION 

As a substitute for the LOCOS isolation in sub-half 
micron devices, STI has been challenged widely [1,2,3]. In 
STI. refilling of the trenches with CVD oxide using TEOS 
based APCVD or LPCVD have been considered as appropriate 
methods due to their good filling capability without forming 
voids. However, those CVD oxides initially have a very high 
etch rate in an HF solution. Proper densification, therefore, is 
required for the decrease in consumption of the oxide by 
subsequent process steps. Annealing in an H2O ambient is 
known to be one of the most effective densification methods 
[4]. Figure 1 shows the comparison of the final profiles of the 
STI with and without H2O densification. 

However, a densification in the oxidizing ambient 
causes an unwanted sidewall oxidation, which in turn exerts an 
extreme stress toward the active Si area of the devices. The 
stress, if it surpasses the yield stress of the Si, may form 
crystallographic defects such as dislocations which increase 
the leakage current of the STI. 

In this paper, the influence of the densification in 
the oxidizing (H2O) and the inert gas (N2) ambient was being 
compared, and the process condition for the quarter micron STI 
was optimized. 

EXPERIMENTAL 

Test structures for isolation profile observation and 
electrical properties were made as shown in fig.2. At first, 
field and active region were defined by photolithography and 
etch steps (fig.2 (a)). Trench sidewall oxide was grown, CVD 
oxide was deposited to fill the trenches (fig.2 (b)), and two 
densification processes were performed seperately. CMP was 
then applied to planarize the CVD oxide until SiN was exposed 
(fig.2 (c)). SiN layer was subsequently removed in phosphoric 
acid, and channel stop implantation was carried out. Then, the 
pad oxide was removed in a diluted HF solution (fig.2 (d)). 
Afterwards, conventional processes were performed and the 
junction and transistor characteristics were evaluated. 

RESULTS AND DISCUSSION 

Figure 3 shows the N + /P junction leakage currents in 
the H2O densification cases. At the large isolation sizes, a 
normal behavior with low leakage currents is obtained, but'as 
the isolation size becomes smaller, leakage currents in low 
voltages begin to increase to 80 pA/cm at 4 V in 0.26 urn 
isolation size. Secco etching [5] of the active and field array 
reveals the defects with a very high density in the narrow STI 



meanwhile no defects in the wide STI as shown in fig.4 are 
observed. This size dependency can be explained by assuming 
the field oxide as a visco-elastic medium. In the case of the 
wide field area, the field oxide is wide enough to absorb the 
stress caused by the areal expansion, whereas in the narrow 
field area, the oxide cannot hold the stress in itself and the 
defects are generated to release the stress. 

On the other hand, fig.5 and fig.6 show the results of 
the CVD oxide densification in an N2 ambient. Figure 5 shows 
no increase of the leakage current in the narrow field area, 
which means that the leakage current has no size dependency 
since no sidewall oxidation occurs. These clean electrical data 
correlate well with the Secco observations which show no 
defects regardless of the isolation size [fig.6]. SUPREM-IV 
simulations (fig.7) also verify the stress level reduction with 
N2 ambient annealing. 

Figure 8 compares the Id-V g characteristics of the 
transistors with three different densifications. Unlike the 
ones with wet oxidation and N2 ambient at 1150 °C, devices 
with 1000 °C, N2 ambient densification show hump 
characteristic in transistors. That is because in the 1000 °C, 
N2 anneal case, the top portion of the Si trench edges (fig. 10 
(b)) are exposed to the high electric field of the gate during HF 
etch steps subsequent to the densification due to the relatively 
high HF etch rates of the oxides (fig.9). Meanwhile, the top 
comers of the Si trench are mostly covered with the CVD 
oxide, which prevents them from being easily inverted by the 
electric field of the gate both in the case of the wet oxidation 
and N2 anneal at 1150 °C (fig.l (a) and fig. 10 (a)), and 
consequently demonstrate good transistor characteristics 
(fig. 8). 

Fully working samples of the 256 Mbit DRAM were 
obtained by applying the STI process with the densification in 
an N2 ambient at 1 150 °C. 

CONCLUSION 

We have compared the isolation and MOS device 
characteristics of the STI fabricated by the densifications of 
the field CVD oxide in the H2O and N2 ambient. In H2O 
ambient, the trench sidewall oxidation generates defects at the 
narrow trench resulting in leaky isolation characteristics. The 
annealing in the N2 ambient at 1150 °C densifies the CVD 
oxide efficiently without causing any abnormalities in the 
isolation and the MOS device characteristics. 
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(a) (b) 
Figure 1. Cross -sectional SEM micrographs of the final STI profiles 
(a) with and (b) without the densification. Densification was 
performed in HO ambient at 850 t, 30 minutes. 




«ure 3. Junction leakage currents of the N7P junction with respect 
the reverse bias voltages. Peripheral length was 5.04 mm and the 
densification was done in HO ambient at 850 1C, 30 minutes. 
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Figure 5. Junction leakage currents of the N7P junction with 
respect to the reverse bias voltages. In this case, densification 
was performed in N : ambient at 1150 t, 1 hour. 
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(b)CVD Oxide Densification Condition: N 2 Ambient, 1150 1 T 1 hour 

Figure 7. Stress simulations with SUPREM-IV( Ok). The darker area 
represents where the stress is more concentrated, 
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Figure 2. STI process 
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Figure 4 SEM micrographs of the Sccco etched active and 
isolation lines. No defect is shown at wide isolation sizes whereas 
many etch pits which were generated by the stress in Si 
substrates are shown at small isolation sizes. 
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Figure 6. SEM micrographs of the Secco etched active and 
isolation lines. No defect is shown. 
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Figure 10, Cross -sectional SEM micrograph of the final STI profile 
with the different CVD oxide densification conditions. 
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Electrical Characteristics of Ultra-Fine Trench Isolation Fabricated 
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An ultra-fine trench isolation with superior electrical properties was formed using a new fabrication process. A 
void-free shape and sufficient thickness of the field oxide were realized by two-step filli ng using tetraethyl-ortho- 
silicate (TEOS) oxide as the lower layer and high-density CVD-SiOa as the upper capping layer. The breakdown 
voltages were as high as 7.7 V, even for an isolation space as narrow as 0.13 /xm. The subthreshold characteristics 
of the metal oxide semiconductor field effect transistor (MOSFET) isolated by the trench were kink-free. The 
threshold voltage of the parasitic MOSFET, furthermore, was more than 6 V, even without a channel stop implant 
to suppress punch-through. 

KEYWORDS: ULSI, trench isolation, breakdown voltage, narrow channel transistor 



In ultra-large scale integration (ULSI) technologies 
with dimensions smaller than the sub quarter- micron 
scale, where the local oxidation of silicon (LOCOS) iso- 
lation reaches its application limit, trench isolation is 
expected to show its real worth due to having no signifi- 
cant lateral extension of the field oxide and independent 
controllability of its depth and width. 1 * The fabrication 
process for a very narrow trench isolation, however, is 
still under development. 2 " 4 * One of the most important 
steps is the oxide filling of a trench with a high aspect ra- 
tio. 6 ^ Tetraethyl-orthc-silicate (TEOS) oxide is usually 
used in order to achieve filling without voids. The filled 
structure, however, has a seam at the center, which has 
a high etching ratio in the subsequent wet etching pro- 
cess, which causes an undesirable void, which may cause 
shorts between transistors due to the remaining gate ma- 
terial. Moreover, the void, which degrades the shape at 
the edge of the field oxide, has a significant effect on both 
the isolation and transistor characteristics. 

In this work, we describe a new trench isolation fabri- 
cation process with two-step oxide filling by taking ad- 
vantage of soft TEOS-Si0 2 and hard high-density SiO a . 
The fabricated structure provides excellent electrical 
characteristics for both isolation and metal oxide semi- 
conductor field effect transistors (MOSFETs), which re- 
sult from the good filling shape. 

Figure 1 shows the process sequence schematically. 
A hard mask composed of SiO a /Si 3 N 4 /thermal-Si0 2 
(50nm/150nm/15nm) was patterned, using electron 
beam (EB) lithography and a dry etching technique, on 
a p-type (100) silicon substrate (a). The minimum isola- 
tion space (5) was as narrow as 0.13 /im. A trench about 
0.3 /im deep was formed using a conventional reactive 
ion etching technique. After oxidation inside the trench 
(50 nm), the thermal oxide formed was removed by wet 
etching using a diluted HF solution. This step was intro- 
duced not only to eliminate the damage induced by the 
dry etching, but also to give the trench corner a mod- 
erate radius. Next, a fresh lO-nm-thick thermal oxide 
layer was formed inside the trench (b). No additional 
doping at the channel edges to suppress the electric field 
concentration was used. 



The filling process starts with TEOS-SiO a deposition, 
which is followed by annealing in N a ambient at 900° C 
for 80min. The filled TEOS-Si0 2 was selectively etched 
back below the silicon surface (c). Next, high-density 
SiO a was deposited by CVD as a capping layer in the 
trench, the aspect ratio of which had been decreased by 
the previous TEOS-Si0 2 filling, and was then annealed 
in N 3 at 900° C for 80min. 

After the surface was planarized by the etch-back (d) 
and the Si 3 N 4 mask was removed using a boiling H 3 P0 4 
solution, boron implants to fabricate an n-channel 
MOSFET (NMOSFET) were performed. On some 
wafers, the channel stop implant, which suppresses 
punch-through between the MOSFETs, was eliminated. 

The remaining thermal-SiO a in tne hard mask was re- 
moved using a diluted HF solution (e). A 6-nm-thick 
gate oxide layer was grown at 750° C in O a and H 2 am- 
bient. The NMOSFETs were fabricated using a conven- 
tional process together with the deposition of the polysil- 
icon gate electrode (f). 

Figure 2 shows scanning electron micrograph (SEM) 
cross-sectional views of trenches with S = 0.13 and 
0.35 jun. For both structures, no obvious voids were 
observed in the centers, while moderately round trench 
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Fig. 2. SEM cross-sectional views of trenches with different iso- 
lation spaces (S): (a) S = 0.13 /xm and (b) S = 0.35 fun. 
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edges with small side dips were obtained. These results 
are achieved by taking advantage of the low etching rate 
of the high-density capping layer as well as the reduction 
in the aspect ratio resulting from the use of TEOS-SiO a , 
which has good conformal step coverage properties. 

Next, we measured the electrical characteristics of the 
fabricated structures. Figure 3 shows the breakdown 
voltage of the trench isolation (V b ) and the threshold 
voltage of a parasitic MOSFET (V tp ) as a function of S. 
The maximum applied gate voltage ( V^) was set at 6 V 
in order to protect the thin gate oxide. V h was denned 
as the drain voltage (Vj) that induces a drain current 
(7 d ) of 0.1 jiA//xm when the source, gate, and substrate 
voltages (V,, V s , and V muh ) are 0 V, while V^ p was defined 
as the Vg that induces J d = 0.1 jiA//im for = 4 V and 

= V muh = OV. We obtained superior isolation charac- 
teristics, i.e., Vt, and V tp are as high as 7.7 V and more 
than 6 V, respectively, even for the narrow S of 0.13 /un. 

The subthreshold characteristics of NMOSFETs, the 
channel width (W) and length (L) of which were 10 pan 
and 0.52 jim, respectively, and which were isolated by the 
trenches, were measured at V& = 0.1 V for various Ku b 
values. As shown in Fig. 4, no kinks were observed even 
at V muh = — 2 V. That is, the electric field concentration 



at the trench edge was successfully suppressed. This is 
due to the excellent isolation structure of the sufficiently 
thick field oxide and the moderately rounded corners. 

The threshold voltage of the NMOSFET (V^) as a 
function of W is shown in Fig. 5. Kb was defined as Vg 
that induces J d = 0.1 pA//im when V A = 0.1 V and V % = 
V suh == 0 V. No significant change in V th was observed. 
Kh difference between W = 0.26 and 1.0 /im is as small 
as about 100 mV. This result indicates that the present 
isolation is applicable to ultra-narrow NMOSFETs. 

The leakage current was 9 x 10~ X1 A for a reverse bias 
voltage (V T ) of 3,6 V applied to an n + /p~ junction (with 
an area of 4.216 mm 3 and an edge length of 796 mm), 
and the leakage current increased as V T increased. The 
characteristics are comparable to those obtained using 
well-established LOCOS. This suggests that no signifi- 
cant source which enhances leakage is generated in the 
present process. 

In addition, we report the results for wafers with- 
out channel stop implants. The leakage current was 
6 x 10"" A at V r = 3.6 V and hardly depended on V w 
below 10 V, while a V tp of more than 6 V was maintained 
down to the narrow S of 0.13 /im, although V h decreased 
when S reached 0.22 pm. 
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In conclusion, a new. trench isolation fabrication tech- 
nology has been developed using a two-step filling pro- 
cess. This process provides excellent overall electrical 
properties for MOSFETs as well as trench isolation. 
Without the use of a channel stop implant, moreover, 
the dependence of the leakage current on V r decreases 
with little degradation in the breakdown characteristics. 
These excellent results indicate that the present pro- 
cess is promising for ULSI devices such as giga-bit scale 
DRAMs. 
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jtress from the trench isolation edge is the dominant factor 
ffecting layout sensitivity. Previous studies have shown that 
tress can affect device workfunction and bandgap (1), carrier 
nobility (2-7), junction leakage (8), and hot-electron lifetime 
|). Simulation results show that trench-induced stress is of 
|e order needed to produce the observed degradation in 
fvice performance. 



Transistor Data 

1 transistors produced with a 0.2 u,m process internally and a 
different process at a foundry site displayed noticeable 
jtensitivity to transistor layout. As the diffusion size in the 
late-length direction (L') was reduced to below 2 u,m, Idsat 
' ^°pped (Fig. 1) by 5-10%. A variety of test structures were 
3 |[pveloped to study layout sensitivity in more detail (Fig. 2): 
5*2 (im transistors with small, medium and wide overlap, and 
*ide overlap with asymmetrical gate placement. Medium- 
JVerlap transistors with different gate lengths were also 
deluded. Top-down and cross-sectional measurements 
pnfirmed that the poly dimensions of all 0.2 urn devices 
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Abstract 

fliis paper describes a previously unreported phenomenon 
herein NMOS transistors of identical gate length exhibit a 
ijrnificaiit sensitivity to layout. Drive current may be 
educed up to 13%, depending on diffusion overlap of gate. 
Mobility reduction, induced by stress from the trench 
sblation edge, is the root cause of the performance 
legradation. PMOS devices are not affected. Simulation 
Hults show that stress varies strongly with distance from the 
Inch edge, and with overall diffusion size. Stress is also a 
najor component of narrow-width effects, and explains why 
Sat scaling with W differs for NMOS and PMOS devices. 

Introduction 

SCMOS devices continue to be scaled, effects that had once 
been considered secondary are becoming more important. 
Hie details of device layout, particularly the diffusion overlap 
)f gate, have a significant effect on transistor performance. 
jMOS test devices drawn with relatively loose design rules 
nay behave quite differently from transistors in an actual 32um 
jpduct, even when physical gate dimensions are the same. 




- foundry 

- internal 



1.3 2.6 

Diffusion size !_' (um) 



10 



Fig. 1 Idsat vs. diffusion size in gate-length direction L' (see 
Fig. 2) for foundry and internal 0.2um NMOS devices. Idsat 
is normalized to 1 for the L'=10um device. 
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Fig 2. Layout of 0.2[im gate length transistors used in 
this study. All transistors were 20ujn wide. 

varied by less than 10 nm.. 

Mean Idsat of a 0.2 |im device was reduced by 7% as L 1 was 
reduced from medium to small layout, while asymmetric 
layout gave a reduction of 4% (Fig. 3a). The reduction in 
drive current seen with the small overlap corresponds to an 
increase in gate length of 30 nm; this is clearly a significant 
change. The small overlap devices also had a 25 mV increase 
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(b) 

Fig 3. NMOS Idsat and Vt vs. device layout. The 
degradation in Idsat of a small overlap 0.2um transistor is 
equivalent to a 30 nm increase in gate length. 
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Fig. 4. Linear Id (Vg=1.8, Vd=0.05V) for different device 
layouts. The degradation in Id linear of a small overlap 
transistor is equivalent to a 50 nm increase in gate length. 




medium 
L=0.2um 0.21 0.22 0.23 



asym small wide j 



L=0.2 



! 



(a) 



-0.45 ' 

-0.46 

^ -0.47 
> 



-0.49 
-0.50 



-0.49 H : i <Y»<p£ 



medium 
L=0.2um 0.21 0.22 0.23 



asym small wide 
U0.2 



(b) 

Fig 5. PMOS Idsat and Vt layout dependence. 

V 

in Vt over the medium overlap device (Fig. 3b), but this Vt 
offset only accounts for a 2% reduction in Idsat. Linear Id 
(Vg=1.8, Vds=0.05V) was even more sensitive then Idsat, 
showing a 1 3% reduction as L* was reduced from medium to 
small overlap (Fig. 4), indicating that series resistance is not 
the cause of the drive current reduction. Moreover, _the_ 
asymmetric device gave the same current when source and[ 
jdnun ^were jreversedrarguing against an erTectTfrorrT silicide 
interfacial resistance. Proximity of the gate to the trench edge 
and overall diffusion size appeared to be the most significant 
factors. In contrast, PMOS devices exhibit little sensitivity to 
layout (Figs. 5a and 5b). 

While the devices with various layouts had the same physical 
gate length, it was possible that L eff differences were leading 
to the drive current variation. However, since L^ extraction 
algorithms assume that mobility remains constant with 
varying L, we could not rely on them for this analysis. 
Instead, we used DIBL as a measure of the electrical channel 
length. DIBL measurements (Fig. 6) show that a 30nm 
increase in L cff , which would be necessary to create the 
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|I?ig 6. DIBL vs. layout type for NMOS devices. There is Fig 8. Stress simulation of small and medium overlap 
|little difference in DIBL between 0.2um layouts, as opposed transistors 
fto Idsat. 
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|Fig. 7. Effect of no post-trench anneal on 0.2um NMOS Idsat 
^reduction 

^observed reduction in drive current, would produce a 
1 16mV/V drop in DIBL, while the DIBL offset between small 
and medium overlap devices was less than 4mVYV. This 
indicates that L cff is essentially the same for all transistor 
layouts. 

The only reasonable explanation for the drive current 
| reduction is mobility degradation. Literature data indicates 
^ that compressive stress in silicon, through the piezoresistive 
^ effect, causes a reduction in electron mobility, while it has a 
|, minima] effect on hole mobility (3,4). Therefore, NMOS 
I devices will be affected more by trench stress than PMOS, as 
| we have observed. To further verify this model, wafers were 
£ processed without a post-trench-anneal step, which is known 

to increase stress in the silicon. As expected, NMOS devices 



Fig. 9. Mobility dependence on simulated stress 

processed without the anneal showed even greater sensitivity 
to the transistor layout (Fig. 7). 

The change in Vt between large and small overlap devices 
was greater for high-Vt transistors, which have more boron in 
the channel. This indicates that stress-enhanced diffusion 
(10) is one factor contributing to the Vt offset. 

Simulation Results 

SUPREM simulations show that stress in the diffusion area 
varies strongly with the size of the diffusion, increasing from 
2.4 to 5.7xl0 9 dyne/cm 2 as L' shrinks from 2.4 to 1.2um (Fig. 
8). Further simulations show that the asymmetric layout 
creates a stress of 4.7xl0 9 dyne/cm 2 under the gate. Plotting 
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Fig. 10. Idsat (^lA/um) of L=2u,m NMOS devices of various 
widths. The gate overdrive (V g -V t ) was normalized to 
eliminate the impact of Vt rolloff. 




Fig. 11. Idsat QiA/nm) of L=2|xm PMOS devices of various 
widths. The gate overdrive (V g -V t ) was normalized to 
eliminate the impact of Vt rolloff. 

electron mobility extracted from linear current measurements 
as a function of simulated stress (Fig. 9), we observe 
qualitative agreement with simple calculations based on the 
piezoresistance model. 



Narrow Devices 

Narrow NMOS devices also exhibit Idsat reduction as the'! 
width is decreased. Fig. 10 is a plot of Idsat vs. device width? 
for L=2jim transistors. We chose longer channel devices to ^ 
avoid complications of short-channel effects and velocity ! 
saturation. Reduction in Idsat is normally modeled by anQ 
effective-width decrease. However, there is essentially no 
trench encroachment in this case. Moreover, PMOS devices 
are not affected over this range of W (Fig. 11). The same 
stress-dependent mobility phenomenon described above 
appears to be operating here. The highly stressed region near ^ 
the trench edge becomes a greater fraction of the total device - 
width as W decreases; stress in the center of the active region V 
increases at the same time. 

Summary 

We have shown that mobility reduction due to stress from ? 
trench isolation makes NMOS drive current highly sensitive 
to transistor layout. Trench stress is also a major component 
of narrow-width effects, and helps to explain why NMOS and 
PMOS devices behave differently as W is scaled. . These 
effects will increase as design rules are shrunk for future 
generations. 
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Abstract 

Silicon defects induced by excessive 
mechanical stress are correlated to leakage 
current and yield loss in very high-density 

0. 18fim SRAM devices. A specifically designed 
test structure, highly sensitive to strain and 
defects, is used for a quantitative 
understanding of the mechanisms responsible 
for the stress generation and statistically 
evaluate the experiments and process changes 
set in order to relieve the silicon defects. 
Hence, the elimination of the silicon defects is 
obtained with a minimum set of changes in the 
process flow, leading to a drastic yield 
improvement in these very dense SRAM 
devices. 

1. Introduction 

Stress induced silicon defect have been 
largely reported as one of the major issues in IC 
fabrication processes [1-2]. The extensive use 
of STI (Shallow Trench Isolation) associated 
with increased density and reduced feature size 
leads to critical designs for mechanical 
strength. The thermal treatments as well as 
implantations are also recognized to be the 
source of localized stress and silicon defects 
[3], which evolve into leakage current, and 
dysfunctional devices. 

The difficulty in facing such dislocation 
problems is to get rapid, quantitative and 
complete statistical response to process 
variations and performed experiments. TEM 
and SEM with specific delineation observations 
do not give statistical conclusions. Yield on 



specific devices such as SRAM does not 
provide a quicker enough response. In this 
work, using a specific test structure, we 
electrically demonstrate the effect of 
cumulative stress induced either by successive 




Figure 1: Dislocations observed in the SRAM 
devices by TEM cross-section; two types oj 
crystal defects are observed; deep 
dislocation between two STI bottom corners 
and surface dislocations crossing active S/D 
function. 

oxidations and deposited films intrinsic stress. 
A mechanism for circuit failure, due to 
dislocation occurrences, is proposed and 




Figure 2: Correlation between photo-emission 
performed on SRAM array blocks and SEM 
observations proving that the failing mode is 
related to the dislocations. Highlighted circles 
show the hot spot and the dislocations in exactly 
the same columns 

experimentally verified. Perfect correlation to 
SRAM consumption current and yield is 
obtained. 

2. Experimental observations and 
discussion 



Dislocations have been observed in 
0.18(im specific designs of dense SRAM 
(diffusion ROM and 8.5^m2 dual port SRAM), 
using 20sec Aragona delineation and SEM 
observations. They impact only NMOS 
transistors and appear at RTA after S/D N+ 
implantation. Using top view and cross section 
TEM, two types of dislocations have been 
identified: dislocations running from the silicon 
surface down to the STI bottom corner and 
dislocations across two STI bottom corners 
(figure 1). A good correlation between leaky 
cells and dislocations was obtained (fig. 2). 

The process sequence includes a 3500A 
deep STI, filled with densified TEOS, a 100 A 
sacrificial furnace oxidation prior well 
implantations and two gates oxides thickness. 
Gate stack is formed with 2000A amorphous 
silicon. Following the TEOS/Si3N4 spacers 
formation, a heavy As implantation is 
performed to build the N+ Source Drains. 

In this process flow, several steps have 
been suspected as main contributors for 



dislocation generation: first the STI formation, 
oxidations and gate deposition, each 
contributing to cumulative high stress fields in 
the substrate; secondly, the S/D implantations, 
which are known to induce large silicon 
damages and point defects contributing to 
dislocations nucleation and glide [4-5]. 

Then, experiments have been focused into 
these critical steps. Dislocations were 
physically analysed with HF + Aragona 
deprocessing and SEM observations, but also 
electrically, at metal 1 level (Ml) with an 
original test structure, which allows rapid and 
complete statistical results. Figure 3 shows the 
layout of the RAM-cells-based test structure 




Figure 3 : Layout of the RAM-cell-based test 
structure. Currents (Id, Is, Ig and lb) are 
measured at Ml with and without back-bias. 



specifically designed to be highly sensitive to 
dislocations and testable at Ml with simple 
leakage test pattern. Correlations between Ml 
tests on this test structure, Aragona 
Deprocessing, final current consumption test 
and yield on SRAM devices was done in 
parallel to ensure a good confidence in the Ml 
test conclusions. 



In the first experiments, (fig. 4), as 
expected, we observed that dislocations 
induced current leakage measured at metal 1 
decreased with the STI depth. However, the 
process remains marginal since, even with the 
shallowest STI, some leaky sites are still 
observed. With further decrease (2300A depth), 



isolation between devices is no more 
guaranteed due to a too much shallow STI thick 
oxide. 
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figure 4: source to drain leaKage current decrease 
with STI depth. Best compromise between leakage due 
to dislocations and isolation efficiency is obtained 
with 2700 Angs. However some leaky point remain 

Optimising the oxidations budget and 



consequently the leakage current (see figure 5). 
With a polycrystalline deposed poly-silicon 
gate, instead of the standard amorphous film, 
the leakage current is strongly reduced. 
Drastic reduction is also obtained using a wet 
RTO process (In Situ Steam Generation 
process) for the 100 A sacrificial oxidation. 
This process avoids STI edge reoxidation, by 
eliminating the diffusion of oxidant agents 
through the STI edge. When a furnace 
oxidation is used, the volume expansion 
associated with this edge reoxidation generates 
very high stress at top STI corners, which then 
contributes- to the dislocation glide. 
Combination of these two process changes is 
shown to be a robust solution, since no 
maverick leaky points are measured within 
more than 300 sites and no more dislocations 
are seen with extensive SEM observations. 
Using a wet RTO process for the gate-oxide 
oxidations is also efficient for stress reduction, 
but it represents a major change for an already 
optimised technology. 
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Fi gure 5 : Impact of gate material intrinsic stress and 
oxidation induced stress. Using polysilicon and RTO 
is efficient to remove all dislocations and eliminate 
leakages. 

changing the intrinsic stress in the gate material 
allowed us to reduce the final stress field, and 



Experiments have also been carried out in 
order to eliminate the silicon damages, which 
are supposed to nucleate the dislocations. 
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Figure 6: Cumulative probabilities of S/D 
leakage for different S/D implantation 
conditions (Dose and energy). Reducing 
Arsenic dose leads to good improvement 

Firstly, dose and energy of the N+ source drain 
implantation have been decreased to generate 
less damage. Secondly, low temperature and 
long time (>4h) furnace anneals was done after 



arsenic source drain implantations in order to 
restore the silicon crystallinity and eliminate 
main point defects. Figure 6 shows that the 
density of defects is significantly reduced with 
a dose divided by a factor 2, whereas energy 
seems to have less impact. This is in 
agreement with previous published work [6], 
and is consistent with the hypothesis that 
Arsenic implantation is largely responsible 
for the defects generation that can lead to 
dislocations when located in stressed silicon. 

Surprisingly, experiments trying to 
restore the silicon damages with different 
low temperature anneals seem not to be 
efficient: no evident improvement is 
observed within the different temperature 
and time variations. However anneal 
ambient seems to have some impact since a 
slightly oxidant anneal (3%02) gives the 
best improvement in this experiment (fig 7). 
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Figure 7: Cumulative probabilities of leakage 
current with an additional low temperature. 
Different process conditions are investigated; 
Reference process has no extra anneal 

Based on all these experimental results the 
process flow has been optimised, changing the 
minimal number of critical steps. Sacrificial 
oxidation has been changed from furnace to 
wet RTO process and gate from amorphous to 
poly-crystalline deposed poly-silicon film. 
Critical SRAM devices have been 
manufactured with the new process, showing 



huge yield improvement and low static current 
consumption. Figure 8 shows the yield 
improvement for the most sensitive SRAM 
designs. 
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Figure 8: Yield on 3 SRAM devices reached with the 
optimised process flow (SACOX RTO and poly- 
crystalline deposed poly-silicon film), compared 
with the reference process 

6. Conclusion 

Silicon dislocations were observed in 0.1 8 (am 
very high-density SRAM. Based on physical 
and electrical analysis using an original test 
structures, the key process steps have been 
identified and optimised, with minimal impact 
on the overall technology. Reducing the 
oxidation budget, using wet RTOs, and the 
intrinsic stress of gate material was the ultimate 
solution for a dislocation free process. 
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Abstract 

A new approach is presented aiming at modeling 
mechanical stress effects which impact MOSFET electrical 
behavior. It shows successful in accounting for mobility 
variations experimentally evidenced on complex MOSFET 
geometries. The newly developed mobility model proves to 
be an efficient way to include mechanical stress effects into 
standard simulation models. We show that stress effects can 
and should be taken into account in the IC design phase in 
present and sub 90nm nodes CMOS generations. 

Introduction 

CMOS devices down scaling demands an increasing 
complexity in modeling to take into account new effects 
impacting MOSFET electrical behavior due to the ever 
increasing density of integration. Shallow Trench Isolation 
(STI) induced mechanical stress is the dominant source of 
mechanical stress variations in MOSFET channel following 
MOSFET geometry variations, such as Active Area (AA) 
size & shape, gate location inside AA, etc. It may account for 
more than ±15% mobility variations (see Figure 1). 

Other authors have evidenced this phenomenon [1]. 
Better understanding has been strived for aiming at 
controlling and reducing the stress [2] [3]. 
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Figure 1. Measurement of low-field mobility variations versus AA size, 
showing opposite behavior according to MOSFET channel doping. 

The originality of the present work is instead to get 
around its deleterious effects, and potentially take advantage 
of the phenomenon, by accurately accounting for stress 
effects in simulation models. The approach is based on 
mechanical simulations, test structures design and tests, 
performed on 0.12luti and 0.18u,m CMOS technologies, to 
extract phenomenological laws to be implemented in 
simulation models delivered to designers. 



Mechanical Simulations 

Former work [4] allowed an estimation of stress evolution 
along the process flow. Based on ANSYS FEM simulation, 
we now focus on the STI contribution to in-plane stress 
variations according to MOSFET shape. 
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Figure 2. Standard shape MOSFET (rectangular A A and centered gate) 
planar & cross section views (a ltlitt : minimum "a" including a single contact 
row). 




Figure 3. Mechanical simulation of Syy stress on the upper-right quarter of a 
rectangular A A (dashed frame area in Figure 2). Along "y" axis, 
compressive stress decreases when "a" increases. 

Here the simulated process is limited to a 1000°C ramp 
down from a high temperature relaxed viscous state towards 
ambient state of the STI oxide. The geometrical model is 
limited to a two-material oxide/silicon pattern in 3D. Due to a 
difference in thermal expansion coefficient between silicon 
and silicon-oxide in the STI, a compressive state of stress 
develops as a peak at the AA-STI interface. The level of local 
compressive stress "Syy" attenuates as a function of distance 
to the STI edge "a" as shown in Figure 3, and according to 
the following model: 
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Syy(a) = Syyia^ ) ji + Vm Syy j^-f 2 ^ j 



(1) 



where an "a inin -MOSFET" is taken as a reference (see Figure 
2) and "Vm Syy " represents the maximum Syy(a) variation 
(i.e. when a— >°°) with respect to Syy(tf 1T 
Figure 4 and Figure 5. 



n ) t as shown in 
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Figure 4. Evolution of simulated Syy stress at the center of the channel with 
respect to AA size. 
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Figure 5. Simulated Syy stress and linear model fitting. 



1.25 
1.20 
1.15 
1.10 
1.05 
1.00 
0.95 
0.90 
0 85 
0.80 - 
0.75 

0. 



G PMOS Highest AA density 
X PMOS Lowest AA density 
O NM OS Highe st AA density 
X NMOS Lowest AA density 

PMOS U0(a) model 

NMOS U0(a) model 




0.2 



0.4 0.6 

(a - a_min) / a 



0.8 



Figure 6. Measurement of low-field mobility variations, and linear model 
fitting, performed on NMOS and PMOS transistors of various sizes and 
densities. 

Phenpmenological Low-Field Mobility U0(a) Model 
Assuming a linear relation between low-field mobility U0 
and Syy variations, equation (1) form can be successfully 
used to model U0(a) too: 



U0(a) = U0( 



Ami,) |l + ^U)(^) ^ ^""" j 



Vm V0 (W t L) is the maximum U0(a) variation with respect 
to U0(a IT1 in), which is quite independent but is increasing 
for decreasing L (see Figure 7). Consequently, L and a^ n 
down scaling in future advanced CMOS technologies may 
lead to even more pronounced stress effects on mobility. 
Figure 6 shows a very good fit between experimental data 
and model as well as no significant AA density effect. 
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Figure 7. Experimental data and interpolation surfaces of maximum mobility 
variation VM^.L). Both NMOS and PMOS Vm uo (^£) are rather W- 
independent and they increase with decreasing L. 

Irregular MOSFET shapes 

The aim is to extract an equivalent gate-to-STI distance 
"a cq " from any irregular MOSFET shape, so that equation (2) 
model can be applied. 




VV1 W2 

Figure 8. Asymmetric (A) and Composite (B) MOSFET shapes. 

□ To address asymmetrical MOSFET shapes (i.e. 
a D *a s , see Figure 8) we isolate in (1) the respective source 
(2) and drain side contributions to stress variation, to obtain the 



5.3.2 



118-IEDM 



expression for the equivalent distance to STI lt a cq ", as 
follows: 

StfflvJ 2 { a, j 2 [ a D ) a <H 2a s 2a D 

□ We assume the composite MOSFET in Figure 8 to 
behave as two independent shunt standard-shape MOSFETs. 
Taking into account the total mobility U0(<3 eq ), at any 
conduction regime, and equation (2), we obtain the following 
expression for the equivalent distance "a cq ", 
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Figure 9. General shape MOSFET planar description. 
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Figure 10. Tested irregular shape MOSFETs. 
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Figure 1 1 . Mobility measurements of irregular shape MOSFETs (see Figure 
10) compared to standard shape ones (STD) and UO(a^) model. Both 
standard and irregular shape MOSFET mobility variations can be described 
by the same model. 



□ The general MOSFET shape in Figure 9 can then be 



modeled by (2) replacing 'V by "a eq ' 
computed with the following expression, 
and (4), 
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la, 
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, the latter being 
obtained from (3) 



(5) 



The low-field mobility U0 of irregular shape MOSFETs 
in Figure 10 have been tested and compared to standard 
shape MOSFETs and to \J0(a) model, by means of "o e q" 
calculation. Figure 1 1 shows that both standard and irregular 
shape MOSFET mobility variations can be described by the 
same model: U0(a eq ) according to respectively (2) and (5). 

STI Induced Stress versus Cobalt Silicide Stress 

In the past, stress effects with respect to AA size have 
been attributed to Cobalt Silicide (CoSi 2 ) formation process 
on Drain/Source regions [5], and the need for lower stress 
CoSi 2 processes has been suggested. 




Figure 12. Equally spaced Multi-Finger (MF) shape MOSFETs. 
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Figure 13. Mobility measurements on Unsilicided and Multi-Finger shape 
MOSFETs (see Figure 12) compared to standard shape ones (STD) and 
U0(a e<t ) model. Both Unsilicided and Multi-Finger MOSFET mobility 
variations fairly match STD shape ones (with cobalt silicide) and VQ(a eti ) 
model. Thus, stress effects of CoSi 2 formation process can be neglected. 

To compare the importance of present-day CoSi 2 
processes stress, versus STI induced one, an unsilicided 
version of the standard shape MOSFETs has been tested. 
Indeed, to check whether distance to STI "tfeq" or 
"Drain/Source" size is the relevant dimensional parameter for 
stress modeling, individual gate fingers in an equally spaced 
Multi-Finger structure with CoSi 2 (see Figure 12) have been 
tested too. 

Identical mobility variations are observed on Unsilicided 
and on STD shape (with CoSi 2 ) MOSFETs (see Figure 13) 
and each finger of the Multi-Finger structure closely match 
STD shape MOSFETs and UO(aeq) model. Consequently, the 
stress effects of the used CoSi 2 formation process can be 
neglected. 
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SPICE Models Correction and Applications 

BSIM3 simulation models, calibrated on "a in j„- 
MOSFETs", have been modified adding (2) to account for 
mobility variations according to MOSFET geometry (see 
Figure 14 and Figure 15). Algorithms for "a eq " computing 
have been added to Layout Extractor Tools, in 0.12|im and 
0.18u;m Design Kits (DK), in order to generate Spice-iike 
circuit net lists including "a e q" data. 
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Figure' 14. PMOS transistor stress modeling for a=10um: measurements 
(solid lines) versus simulations (dashed lines). Stress effects account leads to 
an accurate model. 
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Figure 15. NMOS transistor stress modeling for a=I0um: measurements 
(solid lines) versus simulations (dashed lines). Simulation model accuracy is 
significantly improved by stress effects account. 

The modified DK has been used to optimize a special I/O 
circuit in 0.1 8um CMOS technology (see Figure 16). In this 
I/O circuit version major functional characteristics rely on the 
"UOmmos/UOrmos ratio" of output stage MOSFETs, presenting 
t '(3 e q»10u,m" (i.e. maximum U0 discrepancy with respect to 
standard simulation models). U0 NM os and U0 PMO s 
discrepancy contribution to "UOnmqs/UOpmos ratio" are 
additive, leading to up to 30% simulation error. 

The circuit has been fabricated and tested showing proper 
functionality. Simulation results of the fully functional I/O 
circuit, using the standard and our novel simulation model, 
are shown in Figure 17. The latter allows proper simulation, 



closely matching circuit measurements. The former predicts 
an overestimated Crossing Point and a wrong T R1SE /T FALL 
ratio. 
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Figure 16. I/O Circuit and Crossing Point tolerances. Differential output 
signals Crossing Point and "Trise / Tfall ratio" relies on "UOmmos'UOpmos 
ratio" of output stage MOSFETs, presenting ,t o cs »10^m" (shunt multi- 
finger MOSFETs sharing a huge Active Area). 
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Figure 17. Fully functional I/O Circuit simulated with Standard Models 
(STD) and Stress Models. The latter allows proper simulation, which 
predictions closely match circuit measurements. The former predicts an 
overestimated Crossing Point and a wrong Trise / Tfall ratio. 

Conclusions 

The excellent agreement between mechanical simulations, 
modeling and electrical results confirms that STI induced 
mechanical stress is the dominant mechanism for stress 
variation in the channel, resulting in carriers mobility 
modulation as a function of MOSFET geometry. 

The presented mobility model proved to be an efficient 
way to modify standard MOSFET simulation models, so that 
STI induced mechanical stress effects can be taken into 
account in IC design. This early validation allows to extend 
its use to the 90nm node and below. 

References 

[1] G. Scott et al., IEDM Tech. Dig. pp. 827-830, 1999. 
[2] W.G. En et al., IEEE Int. SOI Conf., pp. 85-86,2001. 
[3] P. Ferreira et al., ESSDERC. pp. 227-230, 2001. 
[4] V. Senez et al., IEDM Tech. Dig. pp. 831-834, 2001. 
[5] A. Steegen et al., IEDM Tech. Dig. pp. 497-500, 1999. 



5.3.4 



120-IEDM 



2001 

IEEE INTERNATIONAL 
SOI CONFERENCE 




IEEE 

Networking the World 



October 1-4, 2001 

The Sheraton Tamarron Resort 
Durango, Colorado 

Sponsored by the IEEE Electron Devices Society 



IEEE Internationa! SOI Conference, 10/01 



85 



Reduction of STI/active Stress on 0.1Sp,m SOI Devices Through Modification of STI Process 

William G. En. Dong-Hyuk Ju. Darin Chan. Simon Chan, and Olov Karisson 
Advanced Micro Devices, Sunnvvale. CA USA 



Abstract: 

Stress from shallow trench isolation was found to 
cause up to 19% variation in 0.18um technology SOI 
devices. Partially depleted SOI devices were fabricated 
on a 0.1 Sum technology with lOOnm thick silicon film 
and 200nm thick buried oxide. The STI edge parallel to 
the edge of the gate was found to induce compressive 
stress on the SOI device. For N-Ch devices, closer 
proximity of the STI edge resulted in a 18% degradation 
of the long channel transconductance (gm.max). The 
opposite trend was observed for P-Ch devices. STI stress 
reduction was achieved by switching the liner oxidation 
step in the STI formation from before the trench oxide 
fill to after. The STI stress improvement resulted in 50% 
reduction of the dependence of the long channel gm.max 
to the proximity of the STI trench edge. "The lower STI 
stress improved the device variation between different 
SOI transistor layout geometries. 
Introduction: 

Stress impact on carrier mobility is an important 
issue for deep-submicron high-performance CMOS 
transistors. Since devices in thin SOI film could be 
subjected to a significantly higher stress than bulk 
devices, it is crucial to minimize stress effect in SOI 
technology. A change in carrier mobility caused by stress 
from different isolation processes has been recently 
reported both for shallow trench isolation (STI) on bulk 
transistors [1] and for LOCOS isoiation on SOI 
transistors (2]. This paper investigates the effect of STi- 
induccd stress on device performance in thin film SOI 
technology. Gm.max is used to monitor the effect of the 
Stress since it varies linearly with mobility. A modified 
STI formation process is shown to be effective to reduce 
the stress effect. 
Experiment: 

Test transistors with different active size were used 
to measure the effect of STI stress on the device 
characteristics. Two sizes were used, one with the active 
edge spaced 0.36um.away from the side of the transistor 
(near STI edge device) and another spaced Tim away 
(far STI edge device), as shown in Figure 1. The large 
spacing prevents any influence of the STI stress from 
affecting the transistor, while the small spacing 
maximizes the effect. Comparing the long channel 
gm,max of the transistors can monitor the effect of the 
STI stress on carrier mobility. Figure 2 shows a 
cumulative probability plot of the gm,max for both the 
near and far STI edge devices for a set of wafers. For the 
N-Ch devices the STI stress causes a 1 8% degradation of 
gm.max, and for the P-Ch devices a 19% improvement. 
This result is consistent with the influence of 
compressive stress from the STI [2]. 



The STI formation process can induce compressive 
stress due to the liner oxide . formation. Typical STI 
formation requires to growth of a thermal oxide liner to 
act as high quality interface between the oxide fill and 
the device. The thermal oxidation process has enhanced 
oxidation at the silicon film to buried oxide interface as 
shown in Figure 3. This enhanced oxidation causes an 
uplifting of the silicon film, resulting in compressive 
stress in the channel region. 

The influence of the liner oxide formation on the 
STI stress can be reduced by switching the liner oxide 
formation step from before the trench oxide fill to after. 
By filling the trench with oxide prior to the thermal 
oxidation step, the oxidation process is reduced at the 
silicon/buried oxide interface. This reduces the uplifting 
of the silicon film and the amount of stress. 

A set of wafers was processed with the liner 
oxidation after the trench fill and the long -channel 
gm.max measured for both the near and far STI edge 
transistors. As shown in Figure 4, the difference between 
the near and far STI edge transistor gm.max is 
significantly reduced for the post trench fill liner 
oxidation wafers as compared to the pre trench fill liner 
oxidation wafers shown earlier. The post trench fill liner 
oxidation wafers show 50% reduction for N-Ch and 48% 
reduction for P-Ch . This reduction indicates that the post 
trench fill liner process has significantly less STI stress 
than the pre trench fill liner process. 

The use of the post trench fill liner oxide results in a 
significant reduction in the variation in the long channel 
gm.max with active area. This reduction can reduce the 
variability between individual devices and stacked gate 
devices in a circuit layout. The individual devices would 
be comparable to the near STI edge transistors, while the 
stacked gate devices would be comparable to the far STI 
edge transistors. 
Conclusion: 

Stress was monitored in 0.1 Sum SOI devices 
through the long channel gm.max. 18-19% variation in 
the long channel gm.max was observed between devices 
with near STI edges as compared to devices with far STI 
edge. The variation was reduced by -50% when the STI 
stress was reduced, by switching the liner oxide from 
before the trench oxide fill to after the trench oxide fill. 
Reduction of STI stress improves the variability of the 
SOI devices due to layout geometry differences. 

(1] G. Scott, J. Lutze. M. Rubin. F. Nouri, and M. Manley. "NMOS 
Drive Current Reduction Caused by Transistor Layout and Trench 
Isolation Induced Stress" in IEEE IE0M 1999. pp. S27-S30. 
[2] C-L Huang, H. R. Soleimani. G. J. Grula, J. W. Sleight. A. Villani. 
H. AIL. and D. A Anianiadis. *' LOCOS-induced Stress Ejects on Tnin- 
Fitm SO! De\ices." IEEE Trans. Slcc. Dev.. vol. 44. pa 646-650. 
April.! 997. 
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Figure 1: Schematic drawing of the dimensions of the different active sized transistors. The near STI edge devices have the STi 
edge 0.36um away from the gate edge. The far STi edge devices have the STI edge 7jim away from the gate edge. 
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Figure 2: Cumulative probability plot of long channel gm.max for Nch (part A) and P-Ch (part B). Gm.max measured at Vd = 100mV 
(W/L= 10um/2.7um). N-Ch shows a 13% degradation in the nominal gm.max from far STl'edge (low stress) to near STi edge (high 
stress). P-Ch shows a 19% improvement in the nominal gm.max from far STi edge {low stress) to near STI edge (high stress)*. This 
coorelates to compressive stress on the silicon. 
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Figure 3: Schematic of cross-section of SOI transistor showing the encroachment of the ST! at the silicon/ buried oxide interface due 
to the thermal liner oxidation process prior to the trench oxide fill. This causes the silicon film to be lifted at the STI boundary 
resulting in compressive stress in the channel. Arrows show direction of stress. 
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Figure 4: Box plots of long channel gm.max for N-Ch (4A) and P-Ch (4B) comparing pre trench fill liner oxidation with post trench flii 
liner oxidation. N-Ch shows -50% reduction in the long channel gm.max variation with the post trench fill liner oxidation. P-Ch 
shows a comparable -48% reduction with the post trench fill liner oxidation. Arrows indicate shift from far STI edge device to near 
ST! edge device. 
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Abstract — Anomalous leakage currents are observed for shal- 
low trench isolated SOI transistors. The leakage effect is caused 
by stress induced dislocations in the device silicon islands. These 
dislocations are observed using cross-sectional TEM analysis. For 
the shallow trench isolation process employed, the leakage is most 
pronounced on SIMOX wafers when the buried oxide thickness 
is scaled down to 100 nm. Limiting fabrication stresses to a 
minimum is critical for eliminating this leakage defect and in 
obtaining a robust, high yielding SOI STI process. 

I. Introduction 

RECENT work has shown that the type of CMOS device 
isolation technology employed (i.e., LOCOS or STI) 
in defining silicon on insulator (SOI) transistors can have a 
profound impact upon both the device mobility [1], [2] and 
defectivity [3]. The underlying cause in both cases is the stress 
that the devices undergo during the isolation process and the 
stress that remains after the processing is completed. Recent 
work by Iwamatsu et al. [4] observes anomalous source to 
drain leakage in their short-channel mesa isolated SOI devices 
due to the diffusion of the source and drain dopant along the 
device edges. In our work, we will examine a defect induced 
leakage, effect for shallow trench isolated (STI) SOI devices. 
While this effect possesses electrical signatures similar to the 
mesa isolated case, the physical origin responsible for the 
leakage is very different and is similar to STI related defects 
observed in conventional bulk CMOS [5]. 

II. Process 

For the results we present in this paper, low dose SIMOX 
SOI wafers with an initial silicon thickness of 170 nm and a 
buried oxide thickness of 100 nm are used. During processing, 
approximately 20 nm of silicon is consumed for a final 
silicon thickness of 150 nm. Shallow trench isolation (STI) is 
employed for device isolation. A side wall oxidation of modest 
thickness is performed and the trenches are filled with Si0 2 . 
Channel stop implants were performed and the source/drain 
dopants were boron and arsenic, which received a post-implant 
RTA. The gate oxide thickness is 6 nm and the nominal 
on-wafer poly-silicon gate length is 0.32 /xm. The partially 
depleted SOI MOSFET 's have moderately doped source/drain 
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Vg(V) 

Fig. 1. Id—Vg characteristics of a normal device (solid) and a device with 
anomalous source to drain leakage under a substrate bias of 0 V (dash) and 
-10 V (dot). Device width/length is 14/0.35 ^m. 

extensions, oxide/nitride spacers, N + /P + doped poly-silicon 
gates, and cobalt silicide on the source/drain and gate regions. 
Further process technology details are given elsewhere [6]. 

III. Device Electrical Behavior 

Fig. 1 shows Id-Vg behavior for a normal n-MOSFET as 
well as for a MOSFET that shows the anomalous leakage 
at low gate bias. The anomalous device is shown with both 
a substrate bias of 0 and —10 V. Unlike edge leakage in 
SOI STI MOSFET' s, which typically causes a shoulder in the 
Id—Vg due to parasitic edge transistors, the observed leakage 
value shows little dependence upon applied substrate bias. For 
edge leakage, substrate bias will usually completely suppress 
such leakage [7], Fig. 2 shows that for the condition where 
V g = 0 V, the resistance of the leakage is constant. Both 
the independence of the leakage current on V g and the linear 
resistance with V^, are not consistent with leakage through a 
parasitic edge device. 

As noted in the earlier study of mesa isolated devices [4], 
we also observe that the leakage defect only occurs on shorter 
channel length devices. Fig. 3 shows the probability of the 
defect versus channel length. The leakage is only observed in 
device lengths at or below 1.4 /xm and the frequency tends to 
increase as the channel length (and width) decreases. Differing 
from the mesa isolated case, we do observe the leakage for 
if -type gate transistors (transistors which are gate isolated 
on the edges, so there is no exposed source/drain edge) with 
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Fig. 2. Drain current versus voltage for a device showing the anomalous 
leakage (W/L = 14/0.35 ^m). 
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Fig. 3. Probability of the leakage defect versus device channel length. The 
device widths are 14 fim except where noted. A total of 156 sites over three 
wafers were measured for each device shown. 

about the same frequency as with the normal transistors. The 
i^-gate transistors are designed with a 0.35-/imi wide body 
tie connection to the channel, which should ensure that they 
interact similarly with the processing as other non-#-gate 
devices of the same device width and length. This observation 
rules out that the leakage is due to source/drain dopant 
diffusion along the device edge, which was the mechanism 
observed in the mesa isolation case [4]. 

IV. Material Analysis 

Fig. 4 shows a TEM cross section of a device through 
the width direction, under the gate poly region. In the active 
device silicon island region, two smaller (left) and one larger 
(right) dislocation defects are clearly visible. The gate length 
in this device is 0.35 fim. These dislocation defects are 
similar to those observed to cause leakage in bulk silicon 
CMOS STI transistors [5]. Similar defects were observed 
in many other short-channel devices. We therefore propose 
that these dislocation defects are also responsible for the 
anomalous leakage observed on the SOI STI transistors. For 



Fig. 4. Cross-sectional TEM of the active silicon island between source and 
drain (under poly) showing the dislocation defects (W/L = 0.875/0.35 fim). 

the defect to become electrically active, it must be doped by 
the source/drain dopant, as well as span the entire distance 
from the source to the drain of the device. Both of these 
requirements would explain the tendency to observe the defect 
only at the shorter channel lengths. The lower occurrence 
of the defect for PMOS devices indicates that the PMOS 
source/drain dopant (B) may be less effective than the NMOS 
source/drain dopant (As) in doping the dislocation defect. 

An important difference between our results on SOI and 
the results on bulk CMOS is that the SOI results are a strong 
function of the starting material type. For example, SIMOX 
wafers from a different vendor with thicker buried oxides 
(both 200 and 350 nm), fabricated in the exact same isolation 
process do not exhibit any anomalous leakage. Note that this 
result is consistent with studies that show that stresses are 
greater for SOI devices formed on thinner buried oxides [3]. 
This highlights the important point for SOI STI which is that 
stress created during the isolation process must be minimized 
as much as possible. Additionally, fabrication imposed stress 
has a greater impact as the SOI material is scaled to thinner 
buried oxide values. Furthermore, the initial stress in the 
SOI wafer prior to any isolation processing may also play a 
role independent of the thickness of the buried oxide. This 
was evident in similar leakage problems that occurred in 
BESOI material with thicker buried oxide layers (comparable 
to medium dose SIMOX). The higher occurrence of this defect 
at narrower device widths is also consistent with the role 
that stress plays in the defect generation, as the stresses are 
generally higher for smaller width silicon islands. 

V. Conclusions 

We observe anomalous leakage for shallow trench isolated 
SOI transistors with a thin (100 nm) buried oxide layer 
thickness. The leakage is attributed to dislocation defects 
that occur in the silicon island, due to the stress that the 
silicon island undergoes during the isolation process. Limiting 
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fabrication stresses to a minimum is critical for eliminating 
this leakage defect and in obtaining a robust, high yielding 
SOI STI process. 
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Anomalous Junction Leakage Current Induced 
by STI Dislocations and Its Impact on 
Dynamic Random Access Memory Devices 

Daewon Ha, Changhyun Cho, Dongwon Shin, Gwan-Hyeob Koh, Tae- Young Chung, and Kinam Kim 



Abstract — As the density of dynamic random access memory 
(DRAM) increases up to giga-bit regime, one of the important 
problems is the control of the process-induced defects and dam- 
age. Although the shallow trench isolation (STI) is widely used for 
deep submicron devices, it has a great possibility of generating 
STI dislocations due to its inherently large mechanical stress and 
damage. When STI dislocations are located within the depletion 
region of pn junction, anomalous junction leakage current could 
flow. This junction leakage current degrades the memory cell 
data retention time and the standby current of DRAM. We 
resolved the problems from STI dislocations as follows; the crystal 
defects and the mechanical stress were reduced by optimizing 
the implantation condition and the densification temperature 
of trench filled high-density plasma (HDP) oxide, respectively. 
In addition, the residual mechanical stress before source/drain 
implantation was relieved through rapid thermal nitridation 
(RTN). By using these methods, STI dislocations were successfully 
clamped outside the depletion region of pn junction. 

Index Terms — Data retention time, dislocations, dynamic ran- 
dom access memory (DRAM), junction leakage current, shallow 
trench isolation (STI). 



I. Introduction 

DYNAMIC random access memory (DRAM) devices have 
been developed in pursuit of the high-memory density 
capability and the reliable performance with the continuous 
shrinkage of the minimum feature size. As the memory density 
increases up to giga-bit regime, several challenges should be 
encountered and controlled very carefully: the increase of 
standby current due to a large chip size and the decrease 
of memory cell data retention time due to a small memory 
cell capacitor area [1], In subquarter micron technology, 
shallow trench isolation (STI) has been the most predominant 
isolation method for many reasons that the abrupt transition 
of active/field region, the good planar surface, the reduced 
junction capacitance and the improved data sensing margin 
[3], [4], Inherently large mechanical stress and damage in 
STI, nevertheless, combined with the subsequent process- 
induced stress and defects, would generate STI dislocations. 
In recent studies, abnormally large leakage current through 
junction and/or transistor was attributed to the presence of STI 
dislocations within the junction depletion region. Ikeda et al 
[6] showed that the mechanical stress from device structure 
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and source/drain annealing could generate dislocations even 
though LOCOS isolation method was adopted. They proposed 
the two step annealing for both the activation of source/drain 
dopant and the minimization of the mechanical stress. Ishimaru 
et al. [7] and Park et al [8] proposed the technology of 
diminishing the residual stress in STI through the high- 
temperature densification and the optimized combination of 
trench filling TEOS-O3 oxide, respectively. Damiano et al. [9] 
showed that the crystal defects from source/drain implantation 
would generate STI dislocations during the following high- 
temperature thermal annealing and the reduced mechanical 
stress alone could not thoroughly eliminate the STI dislo- 
cations. By applying an additional oxidation process after 
source/drain implantation, they could obtain the dislocations- 
free STI. In our experiment, however, the short-channel effect 
of PMOS transistor was significantly aggravated due to the 
oxidation enhanced boron diffusion. 

In this paper, the behavior of STI dislocations and the effect 
on the pn junction characteristics during the fabrication of an 
experimental 16-Mb DRAM with the minimum feature size 
of 0.15 /jbm will be described in Section II. In Section ID, the 
memory cell data retention time imposed by the anomalous 
junction leakage current and the technology of clamping 
STI dislocations outside the depletion region of pn junction 
without the degradation of device performance through the 
rapid thermal nitridation (RTN) instead of the gate reoxidation 
and the careful control of mechanical stress in STI and 
process-induced defects are discussed. Finally, conclusions are 
followed in Section IV. 



II. Behavior of STI Dislocations 

There are several factors to generate STI dislocations; crys- 
tal defects, mechanical stress and thermal annealing. During 
the fabrication of DRAM devices, they are reacted with 
other in a complex manner. Therefore, it is very helpful 
to investigate each factor and its role of generating STI 
dislocations. Crystal defects are primarily resulted from ion 
implantation. Although ion implantation has been indispens- 
able by virtue of the precise control of doping concentration 
and profile, it induces crystal defects and needs thermal 
annealing for dopant activation. Several ion implantation steps 
are essentially adopted for fabricating DRAM devices; well, 
punchthrough stop, threshold voltage adjust, source/drain, and 
contact hole formation. Among these steps, source/drain and 
contact hole implantation mainly provide the seeds of STI 
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dislocations because low dose (<lx 10 14 cm -2 ) implantation 
induces a little crystal defects regardless of the dopant species 
[10]. In DRAM fabrication, a few thermal annealing (or 
oxidation) steps are necessitated for the interlayer dielectric 
densification and the capacitor formation. During the thermal 
annealing, crystal defects from ion implantation generate STI 
dislocation, which moves along the mechanical stress in STI 
and interacts with others to evolve a larger dislocation [11]. 

An experimental 16-Mb DRAM with the capacitor-over- 
bit line (COB) structure was manufactured using 0.15-//m 
technology node and the fabrication sequence was reported 
in our previous study [2]. Fig. 1 shows (a) the layout of a 
sense amplifier (S/A) region and the plan-view SEM images 
of a S/A region after strip off and wright etching (b) before 
and (c) after capacitor formation, respectively. Because most 
of the thermal annealing after source/drain implantation is 
accomplished during the capacitor formation, STI dislocations 
were investigated before and after capacitor formation. In order 
to observe the STI dislocations, the samples were etched using 
diluted HF solution and immersed in wright solution. Most 
of STI dislocations, confined inside the contact hole before 
the capacitor formation [Fig. 1(b)], have moved toward the 
STI corner and the STI boundary beneath the gate after heat 
treatment of Ta20 5 capacitor dielectric materials [Fig. 1(c)]. 
The driving force and direction of STI dislocations were 
generated by the thermal energy during capacitor formation 
and the mechanical stress in STI, respectively. Fig. 2 shows 
the stress simulation result of STI using TSUPREM. The 
maximum stress exists at the trench corner, which is coincident 
with previous studies [15], [16]. 

Fig. 3(a) shows the cross-sectional TEM image of STI 
dislocations. As long as STI dislocations are located outside 
the depletion region of junction, they could not have any 
detrimental effect on the pn junction characteristics. When 
STI dislocations penetrated the depletion region, however, they 
acts as the recombination/generation center between the band 
gap and the abnormally large leakage current of reverse-biased 
junction could flows through them [12]. Fig. 3(b) shows the 
reverse-biased leakage current of p + n junction in an actual 
sense amplifier (S/A) before (filled triangle) and after (filled 
circle) capacitor formation. Even though a small reverse bias 
(<3.0 V) is applied, anomalously large junction leakage current 
flows especially for the case of after the capacitor formation. 
This result implies that the thermal annealing for capacitor 
formation collects the crystal defects and makes them grow 
vertically enough to penetrate the depletion region. 

UJ. Impact of STI Dislocations on DRAM Performance 

The memory cell data retention time can be decreased by the 
large leakage current through cell transistor and storage node 
junction. In order to suppress the sub-threshold leakage current 
of cell transistor, the threshold voltage is usually adjusted 
around 1.0 V regardless of the DRAM density. Therefore, 
the substrate doping concentration should be increased with 
the shrinkage of the minimum feature size. Because of the 
increased substrate doping concentration, junction leakage 
current should be carefully controlled especially for the high- 
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Fig. 1. (a) Layout of a sense amplifer (S/A) region and the plan-view SEM 
images of a S/A region after strip off and wright etching (b) before and (c) 
after capacitor formation, respectively. 



density DRAM [1]. The effect of junction leakage current on 
the memory cell data retention time can be evaluated as below. 

When the cell storage capacitor has a high data (Vcc) and 
the bit lines are precharged with 0.5 Vccs the total charge 
(Qt, /) becomes 



Qt,/ = C s x (Vbc - AV L ) 4- Cbl x \ V C c 



(1) 
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Fig. 2. Stress simulation result of STI using TSUPREM. The maximum 
stress exists at the trench corner. 

where C s and C BL are the cell storage capacitance and 
the parasitic bit-line capacitance, respectively. V cc is the 
operation voltage and AV L is the data loss at the storage node 
due to the leakage current through junction, transistor, and 
capacitor. 

When the memory cell is selected, the data stored in the cell 
storage capacitor is transferred to bit-line and the total charge 
(Qt,f) becomes 



QT f F = (C S + C BL )x V Bh . 

According to the charge conservation law, the total charge 
before charge transfer (Q x>/ ) should be equal to that after 
charge transfer (Q T) F ). Therefore, we can obtain the bit line 
voltage (Vb L ) as follows: 



Vbl = 



° S x (V cc - AV L ) + ^ ° BL „ x \ V CC . 



c s + a 



BL 



C S + C BL 2 



(3) 

Since the complementary bit line is precharged with 0.5 V cc , 
the differential voltage between two bit line (AV BL ) becomes 



x (\V CC -AV L ). (4) 
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The data loss at storage node can be defined as 

C s x AV L 



^LEAK 



where T RET is the memory cell data retention time and /leak 
is the total leakage current at the storage node. Using (4) and 
(5), the relationship of the memory cell data retention time and 
the leakage current at storage node can be obtained as follows: 

r REX = CsX $ V cc - AV BL x (C s + C BL ) 

^LEAK 
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Reverse Bias Voltage, V, (V) 

(b) 

(2) Fig. 3. (a) Cross-sectional TEM image of STI dislocations and (b) the 
reverse-biased leakage current before (filled triangle) and after (filled circle) 
capacitor formation measuring p+n junction in an actual sense amplifier (S/A). 

Fig, 4 shows the memory cell data retention time versus the 
leakage current at storage node with the operation voltage as 
a parameter. The cell storage capacitance (C s ), the parasitic 
bit line capacitance (C B l), and the bit line sensing voltage 
(AV^l) are assumed to be 25 fF, 130 fF, and 80 mV, 
respectively. When the leakage current at storage node is 
higher than 5 x 10" 13 A/cell, the memory cell data retention 
time is considerably decreased for low voltage operation. Be- 
cause the data retention time of DRAM devices is determined 
by weak memory cells, the refresh characteristics could be 
significantly aggravated by memory cells which suffer from 
the anomalously large junction leakage current induced by 
STI dislocations. 

In order to eliminate STI dislocations, many efforts were 
concentrated on minimizing the mechanical stress in STI 
and the crystal defects from ion implantation. According to 
Ishimaru et al. [7], the densification of TEOS-O3 oxide at 
high temperature (1200 °C) minimizes the oxide etch-rate 
(6) m ^ soluti °n and the residual stress in STI at the same 
time, but this may induce other problems such as wafer 
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for various densification temperatures of trench filling high-density plasma 
(HDP) oxide. 



warpage and gate oxide degradation. Fig. 5 shows the result of 
charge-to-breakdown density (Qbd) measurement for different 
densification temperature of TEOS-O3 oxide using STI edge 
intensive test pattern. The gate oxide reliability was severely 
degraded for the high-temperature densification of TEOS-O3 
oxide. This result indicates that the gate oxide at the STI 
edge was degraded due to the stress, which was induced 
from the large volume shrinkage of TEOS-O3 oxide at high- 
temperature densification. High-density plasma (HDP) oxide 
has advantages of the superior step coverage and the low etch- 
rate in HF solution even though the densification is applied at 
relatively low temperature [5]. In our experiment, the trench 
was filled with HDP oxide, followed by densification at the 



temperature ranging from 700 to 1000 °C. Fig. 6 shows the 
normalized density of STI dislocations and the wafer warpage 
for various densification temperatures of HDP oxide. The less 
STI dislocations were observed as the lower densification 
temperature was applied by virtue of the reduced mechanical 
stress [14]. 

It has been known that the crystal defects are strongly 
dependent on the implantation conditions (e.g., dopant species 
and dose) [10]. The different doses. of arsenic and phosphorus 
were investigated for n + contact hole implantation. Fig. 7 
shows the normalized density of STI dislocations for different 
implantation conditions. STI dislocations are decreased about 
80% by implanting arsenic (2 x 10 15 cm" 2 ) compared to 
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Fig. 9. (a) Cross-sectional TEM and (b) the plan-view SEM images of STI 
dislocations when rapid thermal nitridation (RTN) was performed instead of 
gate reoxidation. 
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phosphorus (5 x 10 15 cm -2 ). This result implies that the 
implantation of relatively higher dose and lighter ion produces 
more crystal defects which generate STI dislocations. 

For the purpose of reducing the overall crystal defects 
before capacitor formation, it is necessary to cure the crystal 
defects from source/drain implantation. The rapid thermal 
oxidation (RTO) was additionally applied after source/drain 
implantation. STI dislocations were fully eliminated by the 
gettering effect of oxidation and no degradation of the junc- 
tion characteristics was observed. However, the short-channel 
effect of buried channel PMOS was severely aggravated 



below 0.35 /xm channel length due to the oxidations-enhanced 
boron diffusion, as depicted in Fig. 8. This result implies that 
the doping profiles of channel and source/drain of buried 
channel PMOS were indispensably redistributed during the 
additional RTO. In previous report [13], the activation energy 
of eliminating STI dislocations (5.0 eV) is larger than that of 
boron diffusion (3,46 eV). For high-density DRAM devices, 
therefore, it is not adequate to apply the heat treatment 
additionally after source/drain implantation for eliminating STI 
dislocations without the redistribution of boron. 

As long as STI dislocations are located outside the depletion 
region, they could not have any detrimental effect on the 
pn junction characteristics. Therefore, STI dislocations are 
tried to be pinned at their generation site by relieving the 
cumulated mechanical stress before reacting with the crystal 
defects from source/drain implantation. The mechanical stress 
is induced during the gate formation; gate oxidation, gate 
poly doping (POCl 3 ), and so on. In order to relieve the 
cumulated mechanical stress before source/drain implantation, 
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the rapid thermal nitridation (RTN) was performed instead of 
gate reoxidation. Fig. 9 shows (a) the cross-sectional TEM 
and (b) the plan-view SEM images of STI dislocations when 
RTN was applied. As depicted in Fig. 9(a), STI dislocations 
were located at the 0.075 //m depth. Fig. 9(b) shows that 
STI dislocations were eliminated at the Si surface. Since the 
junction depth of our device is about 0.12 yum, these results 
implies that STI dislocations were successfully pinned inside 
of the source/drain region. Fig. 10 shows the effect of gate 
reoxidation and RTN on the reverse-biased junction leakage 
current. When RTN was applied instead of gate reoxidation 
(open circle), good junction characteristics could be obtained. 
This result also indicates that STI dislocations could not 
penetrate the depletion region of pn junction. In order to 
investigate the gate oxide integrity, charge-to-breakdown den- 
sity (Qbd) and time-dependent-dielectric-breakdown (TDDB) 
were measured using the gate edge intensive test pattern, as 
depicted in Fig. 11. Although Qbd was slightly lowered due 
to the relatively thinner gate oxide at the gate edge, the result 
of TDDB measurement indicates that the gate oxide could 
operate without suffering breakdown over ten years. 
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Fig. 11. Results of (a) charge to breakdown density (Qbd) and (b) time 
dependent dielectric breakdown (TDDB) measurement using the gate edge 
intensive test pattern. 



IV. Conclusions 

When the crystal defects and the mechanical stress are 
combined under thermal annealing, STI dislocations are gen- 
erated. An anomalous junction leakage current induced by STI 
dislocations considerably degrades the refresh characteristics 
and the standby current of DRAM device. STI dislocations 
are successfully clamped outside the depletion region of pn 
junction by judicious control of process-induced defects and 
mechanical stress. In this work, we have acquired the highly 
reliable performance of an experimental 16-Mb DRAM with 
the minimum feature size of 0.15 /xm, and this technology can 
be fairly extensible to the future high-density DRAM devices. 
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Abstract — This paper presents an electrical analysis of me- 
chanical stress induced by shallow trench isolation (STI) on 
MOSFETs of advanced 0.13 fxm bulk and silicon-on-insulator 
(SOI) technologies. By applying external calibrated stress, we 
present piezoresistive coefficients measurements on these tech- 
nologies, and we compare small and long transistors electrical 
responses, evidencing the strong effect of source drain resistance 
Hs d . Then, using the same approach on short devices with dif- 
ferent gate-edge-to-STI distances, we quantitatively evaluate stress 
profile induced by STI and its mean value under the gate of the 
devices. Results are discussed to explain differences between bulk 
and SOI technologies, as well as between nMOS and pMOS. We 
show that the observed higher pMOS drain current shift is related 
to the process, and may be explained by doping amorphization 
and recrystallization effects, and not by a piezoresistive coefficient 
difference as usually assumed. 

Index Terms — Doping amorphization and stress, external me- 
chanical stress, piezoresistive response on bulk and silicon-on-in- 
sulator (SOI), stress induced by shallow trench isolation (STI). 

I. Introduction 

MANAGING internal mechanical stress is a key point 
to ensure high performance and high reliability in 
advanced CMOS technologies. Stress can be generated in 
MOSFET devices at many technological process steps, as they 
generally imply different process temperature as well as mate- 
rials with different mechanical properties, thermal coefficient 
mismatch, and so on [1]. As CMOS devices continue to scale 
down, these effects become more and more important. 

Former studies have demonstrated that mechanical stress can 
affect workfunction, bandgap, effective mass, and carrier mo- 
bility as well as junction leakage [1]. In the case of heterostruc- 
tures as SiGe devices, stress is used to improve performance 
[2]. However, the effects of mechanical stress can also reduce 
the device's performances, and become mainly detrimental: For 
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the back-end part of the process, stress voiding and mechanical 
weakness of low-*; materials are of prime importance. For the 
front-end part of the process, shallow trench isolation (STI) is, 
today, the major source of stress in MOSFET channels [3], [4]. 
Stress (a) can also, in the worst case, affect yield through dis- 
locations [5]. It can also induce design dependent nMOS and 
pMOS drivability [6], 

While piezo-resistivity has been deeply studied in bulk sil- 
icon for sensors from both theoretical and practical viewpoints, 
few works have been performed on advanced deep submicrom- 
eter CMOS technologies [1]. Stress is difficult to measure lo- 
cally and is also difficult to simulate, since there is a critical lack 
of data for many thin-film materials used in technological pro- 
cesses. To optimize the future devices, it is therefore crucial to 
evaluate the effects of mechanical stress on short channel tran- 
sistors characteristics. 

Based on applying external calibrated stress procedure, this 
work analyzes electrical effects of mechanical stress induced 
by STI on MOSFETs of 0.13-/mi bulk and silicon-on-insulator 
(SOI) technologies. We show how to evaluate stress profile in- 
duced by STI and its mean value under the gate of the devices. 
Both nMOS and pMOS are studied as well as devices with dif- 
ferent gate oxide thicknesses. Results are discussed and allow us 
to explain differences observed in bulk versus SOI and nMOS 
versus pMOS. 

II. TESTED DEVICES 

Devices are n- and pMOS transistors fabricated on (001) 
silicon substrates, for bulk and partially depleted (with buried 
oxide: 400 nm and silicon film: 150 nm) SOI 0.13-/mi CMOS 
technologies. Process options with high internal stress (HS) 
or low internal stress (LS) by liner (trench oxidation after 
STI process) optimization were tested, as well as core devices 
(GOl) with gate oxide thickness T ox — 2 nm and high-voltage 
devices (G02) with gate oxide thickness T ox = 6.5 nm. Process 
of GOl and G02 were very similar except for T ox , V t adjust, 
nominal length of 0. 1 3 and 0.35 /an, respectively, and slight 
source/drain implant adjustment. 

GOl tested devices have a gate length L — 10 /xm (long 
devices) or L — 0.13 /mi (short devices). G02 tested devices 
have a gate length L = 10 fim (long devices) or L = 0.35 /xm 
(short devices). The STl-to-gate-edge distance (hereafter called 
"a" parameter) varies from 0.34 to 10 /mi. For all devices the 
gate width is W = 10 /mi. 
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Fig. 1. Schematic of mechanical stress induced by STI on bulk transistors 
Stress depends on "a" parameter. Arrows indicate main stress direction. 




a (um) 



Fig. 3. Relative I d (a) variations of SOI low-stress (plain symbol) 
L = 0.13 /im and high-stress devices (open symbol) L = 0.13 um 
SOI. 




Fig. 2. Cross-sectional SEM picture for pMOS SOI device (HS) with L = 
0.13 j/m: Effect of the liner on the corners of the silicon layer; observation of 
silicon curvature. 



III. Stress Induced by STI 

The STI process can induce significant mechanical stress 
in devices. Due to the trench oxidation (liner), difference 
in thermal expansion coefficient between Si and Si0 2 and 
visco-elastic effects during thermal anneals, a compressive 
stress develops (Fig. I). For SOI, silicon can reoxidize at the 
buried-oxide/Si interface at the STI edge, bending silicon and 
adding a stress component (Fig. 2), which is compressive inside 
the channel of the transistor [4], [6]. 

Through piezoresistive effects, electrical parameters (i.e., 
mobility, threshold voltage, etc.) are modified. A decrease 
of nMOS current and an increase of pMOS current are ob- 
served with increasing compressive stress. The higher the 
STI-to-gate-edge distance ("a" parameter), the lower the com- 
pressive stress (Fig. 3). The unstressed reference is taken at 
a — 10 /*m. The relationship is not linear, as the back interface 
of the wafer acts as a free surface and tends to impose a zero 
stress. This leads to an attenuation of the stress with a charac- 
teristic length of around 1.5 /.im. Notice that this characteristic 
length will strongly depend on trench geometry, especially on 
trench depth. 

Taking into account the STI effect in the direction of the 
width, and on the length of the transistor, real device stress repar- 
tition is highly three-dimensional. For the present paper, all the 
tested transistors have W = 10 ^m, and a bidimensional ap- 
proach is a good approximation. As can be seen in Fig. 3, dif- 
ferent process scenarios highly modify stress values. Low stress 
(LS) SOI process shows much lower I d (a) variation than high 
stress (HS) SOI process. For practical reasons, most of the mea- 
surements have been performed on HS process. 



IV. Experimental Method 

A four-point bending technique is used to apply an external 
calibrated mechanical stress on MOSFETs in rectangular strips 
cut from the wafer. The interest of this method is to generate a 
uniform uniaxial stress between the two central fulcrums if the 
configuration shown in Fig. 4(a) is respected. 

The devices are defined on (001) silicon and the mechanical 
stress a is applied parallel to the wafer surface along (110) sil- 
icon direction [Fig. 4(a)]. The surface stress is calculated from 
the relationship [7], 



\2Eyt 
4i 2 - 3L 2 



(1) 



where E is Young's Modulus (E = 168 GPa for (110) silicon 
orientation), y is the total strip vertical deformation (measured 
by a micrometer screw), t the total thickness of the strip, L is 
the length of the strip between the two external fulcrums and I 
is equal to L/4. 

The transfer characteristics of the devices were monitored 
using a semiconductor parameter analyzer (HP 4155). The esti- 
mated error is mainly due to the uncertainty of y measurement, 
true E value, quality, and reproducibility of contact probe/pad. 
The global accuracy in our setup is estimated to be around 7%. 

In the four-point-bending apparatus, rectangular strips are cut 
from the wafer by a saw technique and placed in the bending rig 
to generate the desired mechanical stresses. With an appropriate 
preparation of the strips,^ mechanical stress can be applied in 
either the longitudinal (parallel to the current flow) or transverse 
directions (perpendicular to the current flow). As most strips of 
silicon fail for a mechanical stress around 175-220 MPa, we 
keep the applied mechanical stress below 130 MPa in our exper- 
iments. Compressive or tensile stress can be applied. In all cases, 
a continuous linear variation of parameters from compressive to 
tensile stress was observed [Fig. 4(b)]. For practical reasons, we 
will refer mainly to tensile stress. For full piezo-resi stance anal- 
ysis, stress was applied in a longitudinal or a transversal direc- 
tion (by appropriate sample preparation). 

Simulations were performed to calibrate the method. In par- 
ticular, Fig. 5 shows that externally applied stress in the MOS 
channel is similar for bulk and SOI for a given wafer thickness; 
buried oxide has a negligible influence on surface stress. This 
means that the stress is mainly imposed by the thick bulk Si part 
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(a) (b) 




Fig. 4. (a) Four-point-bending method. Configuration for tensile stress. F applied through micrometer screw, (b) Continuous linear variation of parameters from 
compressive to tensile stress was observed for all devices (illustration for a nMOS bulk G01). 



1 nt! in I position 




Stress in X-direction TMPa) 

Si substrate SOI substrate 



Tensile zone 



Compressive zone 




Substrate thickness - 733 fim 



Substrate thickness = 733 (im 

Fig. 5. Simulation of externally applied stress in MOS bulk and SOI channels. 
Note the negligible influence of the buried oxide. 



of the wafer. Another study (Fig. 6) shows that the same external 
applied stress under the gate by bending is not modified by the 
vicinity of STI (and of buried oxide). Applied stress by bending 
method inside the channel of our SOI devices with STI is then 
reasonably well controlled. 

v. plezoresistive effects on long 
and Small Transistors 

We first investigated piezoresistive effects on internal stress 
free (that means no internal stress induced by STI) devices. In 
this case, gate-edge-to-STI distance (a) is large (10 ^im) and 
STI-induced stress does not modify electrical characteristics of 
the devices. Piezoresistive study is performed to ensure a deep 
enough understanding of stress effects on electrical characteris- 
tics of the devices, that all geometries behave in an understand- 
able way, and to give references for the analysis of devices with 
STI internal stress. Study and results on these internal stress-free 
devices have been presented and discussed in [8], and only main 
conclusions are given here for clarity of further paragraphs. All 
measurements were performed at |V^| = 0.1 V. 

A. Long Transistors 

We tested 10-jxm-long devices and explored the dependence 
of the electrical characteristics versus mechanical stress. An ex- 
ternal homogeneous stress ranging from 0 to 130 MPa was ap- 
plied. The following usual results were obtained [8]: threshold 




Fig. 6. Two-dimensional mapping of simulated stress in the X direction 
during wafer bending, for bulk and SOI devices with STI. It shows that the 
expected stress is obtained under the gate of transistors and that only zone 
under STI is modified. 



voltage variation has been found negligible (theoretical calcu- 
lations predict a variation less than 3 mV for a stress equal to 
1 30 MPa) while mobility was the main varying parameter. These 
results are consistent with previously reported studies [9]. 

Example for nMOS (pMOS) mobility variations is given in 
Fig. 7(a) and (b) for bulk and SOI devices. Excellent linear de- 
pendencies versus a are observed. The slope of the curves cor- 
responds to the piezoresistive coefficient. Table I gives all the 
piezoresistive coefficients for nMOS and pMOS and for longi- 
tudinal and transverse stress. Results show general tendencies 
already reported on previous generations of technologies [9], 
[10]: For nMOS, A/i 0 /Mo increases (decreases) under tensile 
(compressive) stress in a more pronounced way in the longitu- 
dinal direction than in the transversal one. For pMOS, A/j, 0 /^o 
decreases (increases) under a longitudinal tensile (compressive) 
stress and increases (decreases) under a transversal tensile (com- 
pressive) stress. In the case of nMOS, these phenomena are the- 
oretically explained by variations of effective mass of carrier 
induced by change of carrier populations in the transverse and 
longitudinal valleys. In the case of pMOS, it is mainly explained 
by modification of populations of light and heavy holes added 
to modification of band shape [1 1]. 

B. Small Transistors 

Similarly to long transistors, threshold voltage variation 
versus mechanical stress has been found negligible on small 
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Fig. 7. Normalized mobility change versus applied uniaxial tensile stress for bulk and SOI long channel devices, (a) nMOS case, (b) pMOS < 



TABLE I 

Pi EZORES [STANCE COEFFICIENTS OBTAINED FOR Bb'LK AND SOI L = 10 fim 

Devices (xlO" 12 Pa~ l ) With G01 and G02. Error Estimation: 
±60.10" 12 Pa* 1 . Tl L is the Longitudinal Coefficient U t is the 
Transversal Coefficient 
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SOI 
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-767 
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-571 


-648 




383 


422 
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transistors. On short-channel devices (L ~ 0.13 ^m), piezore- 
sistive longitudinal coefficient is significantly lower than 
for L = 10 (see Table II). Most of this difference has 
been explained by a source/drain resistance (R sd ) attenuation 
effect. R sd extraction was performed by Taur's technique [8], 
[12] and no R sc \ variations versus stress were observed. Notice 
that R Sil extraction is difficult on these very small transistors: 
Slight variations with stress can then be hidden by extraction 
errors. Once corrected from source/drain resistance, and taking 
into account measurement errors, piezoresistive coefficient 
calculated from the intrinsic low field mobility of the short 
device is close to that of long device [8] (see Table II). This 
key point indicates first that fundamental behavior of small and 
long devices is the same, and second, that differences of device 
topologies between short and long do not play a major role in 
absorbing or enhancing locally the externally applied stress. 
Similarly, local or two-dimensional (2-D) stress (induced at 
the gate edge, at junctions, etc.) does not affect significantly 
short devices as compared to longer ones. The same results are 
obtained on G02 devices. 

While not evidenced through parameter extraction, part of the 
remaining difference might be attributed to source/drain correc- 
tion which has been supposed constant versus applied stress. 
Source/drain resistance is composed of different contributions, 
namely metal-silicide contact resistance, silicide resistance, and 
lightly doped drain (LDD) resistance. Variations of the first two 
contributions versus a should be negligible. LDD resistance 
variation versus a is still questionable. It is well known that the 
higher the doping level, the lower the piezoresistive variation. 
In this way, the lower doped part of the LDD may play a role in 
the results of short devices. It will be evaluated in future work. 



TABLE II 

Correction of Piezoresistance Coefficients for pMOSFET/SOI With 
L = 0.13/aiivon (001) Silicon (xlO- 12 Pa" 1 ), Once Corrected (Error 
Estimation: ±100. 10~ 12 Pa" 1 ), Main Coefficients are Close to Those 
of Long Channel Presented rN Table I 



MOSFET 


Measured 


Corrected 


Estimated 


parameters 


values 


values 


Error 


Channel length 


0.13 urn 






Parasitic R SD 


35 n 






v d 


-0.1 V 






n L (.10-"Pa _l ) 


-372 


-561 


+/- 100 


n T (.10""Pa*) 


431 


469 


+/- 100 



While the previous analysis of mobility gives the necessary 
electrical understanding for the stress evaluation developed in 
the next section, it must be emphasized that current drivability is 
a more important parameter for circuits applications. Depending 
on geometry and measurement conditions, saturation current 
variations with stress are generally found from similar to half 
that of linear current variations [10], [13]. This should remain 
true in future technologies, as other studies [14] have shown ex- 
perimentally that mobility and velocity variations with stress are 
correlated even near ballistic operation. 

VI. Stress Evaluation by Bending 
A. SOI Devices 

The bending method was applied for L = 0.13 /xm pMOS 
and nMOS HS SOI with various gate-edge-to-STI "a" distance. 
For each device, a tensile stress from 0 to 130 MPa was applied. 
Two main results can be pointed out: 

First we can observe in Fig". 8 that these devices with various 
"a" have parallel Id(cr) curves even if they have very different 
internal cr 0 . The order of magnitude of <jq variation is clearly 
over 1 GPa as varying "a" from 10 to 0.34 /im changes the cur- 
rent from around 50%, while applying 130 MPa changes the 
current by around only 3%. Parallel J^O) is a fundamental re- 
sult which indicates that the different sources of stress consid- 
ered here, namely due to STI and due to bending, are additive 
and prove a common unique law I d (a 0 4- a) in a stress range 
well above L GPa. As shown in Figs. 9 and 10, we can then re- 
construct the /rf(cr) curve on a wide range of stress, and avoid 
errors due to long range extrapolations. No nonlinearity, relax- 
ation effects, etc., are noticed. 
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Fig. 8. Four-point bending experiment on pMOS SOI G01 HS with varying 
gate-STI distance "a." Analysis of parallelism. 
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Fig. 9. Four-point bending experiment on pMOS SOI GO I HS with varying 
"a." This graph shows how parallel curves allow for reconstruction of the 
extrapolation curve. Internal stress extrapolation. 



Second by exploiting the observed linearity and curves par- 
allelism, we can extrapolate for pMOS (Fig. 9) and for nMOS 
(Fig. 10) the curve of "zero stress" transistor, a = 10 fim, on 
which external stress is applied, to recover the Id value of de- 
vices without external applied stress, but with STI-induced in- 
ternal stress cro- This procedure can be considered valid as long 
as STI-induced stress is homogeneous along the channel of the 
transistor. This is considered to be true for these L — 0.13 /xm 
devices as this length is small, compared with the 2-D behavior 
of the stress, which extends to ~ 1.3 /xm [4], [6]. For G02 
devices (L = 0.35 //,m), the error should be more significant 
and results will be analyzed in a qualitative way. The stress in 
the channels obtained for the different "a" values is shown in 
Fig. 11. This curve gives a realistic quantitative 2-D stress pro- 
file versus "a" distance. The maximum value obtained for a min 
is around -1655 MPa for pMOS SOI and around -756 MPa 
for nMOS SOI. 

B. Bulk Devices 

Stress profiles for bulk pMOS and nMOS devices are shown 
respectively in Figs. 12(a) and 1 3(a). We observe profiles similar 
to the SOI case, but with much lower equivalent stress values. 
Moreover, stresses around —400 MPa are in this case rather sim- 
ilar for both nMOS and pMOS. 
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Fig. 10. Four-point bending experiment on nMOS SOI G01 HS with varying 
"a." Internal stress extrapolation. 
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Fig. 11. Stress profile for L = 0.13 /xm devices (experimental results and 
model fitting, performed on nMOS and pMOS SOI transistors [6]). 

C. GO I versus G02 Devices 

The main result here is that in all cases, profiles and values 
of stresses of GOl are similar to that of G02 for each kind of 
devices (Figs. 12 and 13). This is true in spite of small differ- 
ences and previously mentioned restrictions in the stress evalu- 
ation of G02 devices. Similar values of stress for GOl and G02 
devices, featuring significantly different oxide thicknesses, con- 
firm a weak impact of the gate stack on channel stress. A second 
observation is that while GOl and G02 stresses are practically 
identical for pMOS, G02 stress is slightly higher for GOl than 
G02 for nMOS. This is true for both SOI and bulk devices. 

VII. DISCUSSION 

A. Bulk versus SOI 

For the studied devices, it means that higher stress in SOI 
is due to thin silicon layer deformation due to oxidation as ex- 
plained previously on Fig. 2. Stress induced by active area cur- 
vature due to the oxidation of the interface buried oxide/sil- 
icon can be estimated around — 1 GPa. For our HS devices, this 
component adds to lateral "classical" stress effect of ST1. Both 
stresses are compressive and similarly oriented. This extra com- 
ponent of stress in SOI devices can be reduced by liner process 
modification as seen on Fig. 3 (LS process). 
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Fig. 12. Stress profile obtained for experimental results on G01 (L = 
0.13 //m) and G02 (L = 0.35 f.tm) for (a) pMOS bulk and (b) pMOS SOI HS. 



B. nMOS versus pMOS 

An important result of the previous study is that the higher 
stress effects observed on pMOS compared to nMOS for SOI 
devices (see Fig. 3) are not due to piezoresistive coefficient 
differences but rather to different internal stress a 0 . Among the 
possible causes of this difference are STI sidewall oxidation, 
silicide stress, different doping, etc. However, during STI 
process steps, there should be no oxidation difference (doping 
implant is not yet performed) and no difference between SOI 
nMOS and pMOS curvature should exist, as observed by 
scanning electron microscope (SEM) at these steps. Silicide 
stress on n + and p + junctions is also believed to be low. 
Implantation process and more precisely the full sequence 
implantation/amorphization/recrystallization may be the cause 
of the nMOS/pMOS difference. It is well known that amor- 
phous Si relaxes by viscous flow under compressive stress with 
a temperature dependence. This relaxation is driven by the 
decrease of concentration of structural defects [15]. 

The following explanation is then proposed: The silicon is 
amorphized significantly during Arsenic n+ implant on nMOS 
(2 10 l0 cm -2 ; no pre-amorphization implant, amorphization 
~ 50 nm) so that a 0 may significantly relax during the subse- 
quent thermal treatments and recrystallization. a 0 relaxes from 
-1650 MPa to about -750 MPa in the case of nMOS. On the 
other hand, the silicon is not amorphized with usual Boron P+ 



doping on pMOS (2 10 15 cm" 2 ; no pre-amorphization implant; 
amorphization ~ 0 nm), and no .<j 0 relaxation can occur. As a 
consequence, pMOS have higher a 0 than nMOS, even if they 
share the same STI process. Notice that a similar and comple- 
mentary relaxation effect may occur due to the degradation of 
the silicon dioxide STI due to Arsenic and Boron implantation. 
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Fig. 13. Stress profile obtained for experimental results on G01 (L — 
0.13 ^m) and G02 (L - 0.35 /./m) for (a) nMOS bulk and (b) nMOS SOI HS. 
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Fig. 14. Simulation of variations of average mechanical stress in the channel 
versus depth of amorphized silicon. The stress along the current flow is 
evaluated for the case G01 (I = 0.13 ;/.m) and the case G02 (L ~ 0.35 jim). 
Simulations where performed after implantation (spike anneal step) and 
correspond to ''extreme case:" amorphized layer is supposed to completely 
absorb the stress during recrystallization of silicon (equivalent to Young's 
Modulus E~0 GPa). 

In the case of bulk devices, stresses are believed to be weak 
enough after STI (~, -400 MPa) so that no significant relax- 
ation occurs during recrystallization. NMOS and pMOS keep 
their initial stress level. 

In order to support this hypothesis, we performed comple- 
mentary mechanical simulations with varying depths of amor- 
phized silicon, from 0 to 100 nm. As we do not have data about 
the mechanical behavior of our amorphized layer, we simulated 
an "extreme case," with a layer able to completely absorb stress 
during recrystallization (Fig. 14). For our case, (50-nm amor- 
phization), it appears that up to 94% of the average stress in 
the channel is then relaxed. In the real case, the amorphized 
layer does not completely absorb the stress during recrystalliza- 
tion; this should explain the experimental average stress value 
of —750 MPa corresponding to 55% of relaxation. 
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C GOl versus G02 

Previous discussion was confirmed by GOl and G02 device 
analysis: pMOS GOl and pMOS G02 showed exactly the same 
level of stress [Fig. 12(a) and (b)]: Source/drain doping was 
identical, and did not modify stress by amorphization. NMOS 
GOl showed slightly lower stress than nMOS G02 [Fig. 13(a) 
and (b)]: This was explained partly by a slight extra arsenic im- 
plant on GOl , which induced more amorphization and ctq relax- 
ation, partly by the longer size of the transistor G02 which in- 
duced a reduced average stress relaxation in the channel by bidi- 
mensional effects ("extreme case" simulations calculated 69% 
compared to 94% for GOl). 
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VIIL Conclusion 

Using a four-point bending method, we have extracted valu- 
able information on piezoresi stance and on stress effects for ad- 
vanced 0.13-//m bulk and SOI technologies. We have assessed 
the stress response on short transistors. Stress profile induced by 
STI has been extracted leading to a better understanding of the 
differences between bulk and SOI technologies, as well as be- 
tween nMOS and pMOS devices. Higher pMOS drain current 
shifts are usually observed relatively to nMOS and are due to 
the difference of technology process leading to different stress. 
A convincing hypothesis for this difference is stress relaxation 
in the case of nMOS due to amorphization and recry stall ization. 

Such methodology and data can have many further applica- 
tions in the field of simulation calibration |6] and of electrical 
analysis of parameters dependence with stress. These results 
help to understand, minimize or optimize internal stress effects 
induced during the process. 

References 

[1] A. Hamada, T. Furusawa, N. Saito, and E. Takeda, "A new aspect of 

mechanical stress effects in scaled MOS devices," IEEE Trans. Electron 

Devices, vol. 38, pp. 895-900, June 1991. 
[2] K. Rim, J. L. Hoyt, and J. F. Gibbons, "Transconductance enhancement 

in deep submicron strained Si -MOSFETs," in IEDM Tech Dig., 1998, 

pp. 707-710. 

[3] G. Scott, J. Lutze, M. Rubin, F. Nouri, and M. Manley, "NMOS drive 
current reduction caused by transistor layout and trench isolation in- 
duced stress," in IEDM Tech Dig., 1999, pp. 827-830. 

[4] W. G. En, D.-H. Ju, D. Chan, S. Chan, and O. Karlson, "Reduction of 
STI/active stress on 0.18 SOI devices through modification of STI 
process," in IEEE Int. SOI Conf., 2001, pp. 85-86. 

[5] P. Ferreira, R. A. Bianchi, F. Guyader, R. Pantel, and E. Granger, "Elim- 
ination of stress induced silicon defects in very high-density sram struc- 
tures," in Proc. ESSDERC. 2001, p. 427. 

[6] R. A. Bianchi, G. Bouche, and O. Roux-dit-Buisson, "Accurate mod- 
eling of trench isolation mechanical stress effects on MOSFET electrical 
performance," in IEDM Tech Dig., 2002, p. 117. 

[7] C.-L. Huang, H. R. Soleimani, G. J. Grula, J. W. Sleight, A. Villani, H. 
Ali. and D. A. Antoniadis, * 4 Locos-induced stress effects on thin-film 
SOI devices" IEEE Trans. Electron Devices, vol. 44, pp. 646-650, Mar. 
1997. 

[8] C. Gallon, G. Reimbold, G. Ghibaudo, R. A. Bianchi, and R. 
Gwoziecki, 'Electrical analysis of external mechanical stress effects in 
short-channel MOSFETs on (001) silicon;' Solid State Electron., vol, 
48. pp. 561-566, 2004. 

[9] A. T. Bradley, R. C. Jaeger. J. C. Suhling, and K. J. O'Connor. "Piezore- 
sistive characteristics of short-channel MOSFETs on (100) silicon,'* 
IEEE Trans. Electron Devices, vol. 48, pp. 2009-2015, Dec. 2001. 
[10] Y. G. Wang, D. B. Scott, J. Wu, J. L. Hu, K. Liu, and V. Ukraintsev, "Ef- 
fects of uniaxial mechanical stress on drive current of 0.13 fim MOS- 
FETs." IEEE Trans. Electron Devices, vol. 51, pp. 529-531, Mar. 2003. 





C, Gallon was born in Beziers, France, in 1977. She 
received the M.S. degree in physics and in micro- 
electronics from the Institut National Polytechnique, 
Grenoble, France,in2001 and 2003, respectively. She 
is currently pursuing the Ph.D. degree with STMi- 
crolectronics, Crolles, France. 

From 2001 to 2003, she was with Commissariat a 
L'Energie Atomique (CEA)-Laboratoire d'Electron- 
ique de Technologie et d' instrumentation (LETI), 
Grenoble, where she has been involved in the study 
of mechanical stress in short MOSFETs devices. 
Her research areas focus on the development and characterization of new 
architectures for advanced MOSFET devices, especially on the FD SOI project. 



G. Reimbold (M*01) received the Ph.D. degree 
from the Institut National Polytechnique, Grenoble, 
France, in 1983 on the topic of noise in MOS 
transistors and CCD. 

He joined the Commissariat a L'Energie Atomique 
(CEA)-Laboratoire d'Electronique de Technologie 
et d' instrumentation (LETI). Grenoble, to work on 
CMOS VLSI technologies development, specifically 
transistor optimization and reliability. He then 
managed an electrical laboratory covering statistical 
testing, electrical testing, and reliability. He is Head 
of the Advanced Characterization and Modeling Group covering high~K 
materials, interconnects, SOI devices, and memories. He has co-authored more 
than 100 papers in his field. 

Dr. Reimbold is a member of several international conference scientific and 
organization committees. 



Gerard Ghibaudo (SM'02) was born in France in 1954. He graduated from 
Polytechnics Institute of Grenoble, Grenoble, France, in 1979 and received the 
Ph.D. degree in electronics in 1981 and the State Thesis degree in physics from 
the same university in 1984. 

He became Associate Researcher at CNRS, Grenoble, in 1981 , and is now Di- 
rector of Research at Laboratories of Semiconductor devices (LPCS/ENSERG 
now IM EP/EN S ERG) . From 1987 to 1988, he spent a sabbatical year at Naval 
Research Laboratory, Washington, DC, where he worked on the characteriza- 
tion of MOSFETs. His main research activities were and are in the field of elec- 
tronics transport, oxidation of silicon, MOS device physics, fluctuations, and 
low-frequency noise and dielectric reliability. During his career he has been au- 
thor or co-author of about 196 articles in international refereed journals, 310 
communications, 35 invited presentations in international conferences, and 12 
book chapters. He is a member of the editorial board of Solid State Electronics. 

Dr. Ghibaudo was or is a member of several technical/scientific com- 
mittees of International Conferences (ESSDERC 1993, WOLTE, ICMTS, 
MIEL 1995-2004, ESREF 1996, 1998, 2000, 2003, SISC. M1GAS, ULIS, 
IEEE/IPFA). He was co-founder of the First European Workshop on Low Tem- 
perature Electronics (WOLTE '94) and organizer of eight Workshops/Summer 
Schools during the last ten years. 



GALLON et at.: ELECTRICAL ANALYSIS OF MECHANICAL ST RESS INDUCED' BY STT 



1261 



R. A. Bianchi was born in C6rdoba. Argentina, in 
1972. He received the degree in electronic engi- 
neering from the Catholic University, Cordoba, in 
1995 and the Ph.D. degree in microelectronics from 
the Institut National Polytechnique de Grenoble, 
Grenoble, France, in 1999. His doctoral research 
was in the field of analog circuits for high-temper- 
ature microsystems integrated in standard silicon 
technologies. 

In 1999, he joined Central Research and Devel- 
opment, STMicroelectronics, Crolles, France. Since 
then, he has been working on device engineering and process integration, in par- 
ticular on compact modeling of MOSFET mechanical stress. On this subject, he 
has authored and co-authored several technical papers in international journals 
and conferences. 




E. Robilliart was born in 1969. He received the 
Ph.D. degree in electronics from Sciences and 
Technologies University of Lille, Lille, France, in 
1996. 

Since 1997, he has been in the Technology Mod- 
eling group at STMicroelectronics, Crolles, France. 
He is in charge of process and device simulation 
group supporting advanced CMOS technologies. 
This activity includes the transport in ultrashort 
devices, the mechanical stress effect on transport, the 
quantum effects, and the improvement of simulation 
models and methodologies. 





R. Gwoziecki was born in ChaumonL France, in 
1973. He received the B.S.E.E. degree in physics 
and the M.S.E.E. degree in microelectronics in 1996 
from the National Polytechnique Institute (INPG), 
Grenoble, France. From 1996 to 1999, he was with 
the Centre National d' Etudes des Telecommuni- 
cations (France Telecom-CNET), Meylan, France, 
working towards the Ph.D degree dedicated to the 
study of source-drain architecture for deep submi- 
crometer CMOS transistors. 

From 2000 to 2001, he was with STMicroelec- 
tronics, Agrate, Italy, participating to the integration of embedded Flash. Since 
2001, he has been with Crolles2-Alliance, Commissariat a L'Energie Atom- 
ique (CEA)-Laboratoire d'Electronique de Technologie et d' instrumentation 
(LETI), where he is currently working on SOI devices. 



S. Orain was bom in France in 1974. He received the 
Ph.D. degree in engineering sciences from the Poly- 
technic School, University of Nantes, Nantes. France, 
in 2000. 

Currently, he is Research and Development 
Engineer, Philips Semiconductors. Crolles, France. 
His current research focuses on the impact of stress 
in MOSFET and on the fracture mechanisms of 
interconnect structures using finite element analysis. 
Prior to joining Philips, he worked for the LTT 
Institute for three years (2000 to 2003) as an expert 
of properties of thin films for microelectronics. He has about ten technical pub- 
lications in the area of thin films and materials sciences for microelectronics. 




C. Raynaud received the Engineers degree in 
electronics and the Ph.D. degree from the National 
Polytechnique Institute, Grenoble, France, in 1984 
and 1988, respectively. Her doctoral research was 
on high-frequency performances of submicrometer 
MOS devices. 

She joined the Commissariat a L'Energie Atom- 
ique (CEA), Grenoble, in 1989 and became a member 
of the Laboratoire d'Electronique, de Technologie et 
d'instrumentation (LETI). She has been involved in: 
the electrical characterization and modeling of sil- 
icon-on-insulator (SOI) devices. From 1993 to 2000, she was in charge of re- 
search (device design and optimization, process integration) on advanced sub- 
quarter micrometer SOI devices and ultrathin silicon film (fully depleted SOI de- 
vices). She was part of the European ESPRIT (SPACE) project with ALCATEL, 
UCL, LPCS, and STMicroelectronics to evaluate SOI for RF applications. She 
is now in charge of SOI CMOS process integration in central research and de- 
velopment, STMicroelectronics, Crolle, France, and she is also Co-ordinator of 
the European Project SATURN, dedicated to the development of a 1 30-nm SOI 
technology for wireless applications. 




H. Dansas joined Commissariat a L'Energie Atomique (CEA) -Laboratoire 
d'EIectronique de Technologie et d'instrumentation (LETI), Grenoble, France, 
in 1991. He has been working in the process characterization lab since 1999. 
He is in charge of FIB preparation and TEM characterization. 



^ * 95CH35810 

international 

ELECTRON 
DEVICES 

meeting 

1995 

WASHINGTON, DC 
DECEMBER 10-13, 1995 



Sponsored by Electron Devices Society of IEEE 



Finite Element Optimization of a MOSFET Structure : 
The Role of Interlayer Material for Residual Stress Reduction 

Paul Ferreira, Vincent Senez, Bruno Baccus, Jacques Varon and Jacques Lxbailly 

IEMN-ISEN, UMR CNRS, Av Pointcare, B.R 69, 59652 Villeneuve d'Ascq, Cedex, France 
* PHIUPS COMPOSANTS, 2 rue de la Girafe, 14043 Caen France 



ABSTRACT 

Mechanical stress induced degradations of a MOS 
technology are investigated.. Bidimensional stress simula- 
tions, coupled with electrical characterizations reveal the 
importance of the gate formation and TEOS deposition 
steps in the generation of mechanical stress. The use of a 
doped oxide as interlayer material between the polysilicon 
gate and the TEOS film is shown to significantly reduce the 
residual stress and associated electrical failures. 

INTRODUCTION 

Modern integrated circuit processes involve a large 
variety of materials, having very different mechanical prop- 
erties. Unfortunately, the discontinuities are responsible for 
stress generation, as a result of any thermal or mechanical 
loading, affecting significantly the electrical characteristics 
of the devices. This problem is here addressed through the 
optimization of a BIMOS technology, including vertical 
DMOS. The study is based on process simulations and elec- 
trical characterizations. For this purpose, an homogenous 
and advanced stress simulation system has been imple- 
mented in the process simulator IMPACT-4 [1], allowing 
the evaluation of the cumulative mechanical stresses (i.e., 
induced by oxidation, thermal cycling and material deposi- 
tion/etching) at each process steps. Experimental measure- 
ments giving the variation of the stress as a function of 
temperature provide the data for calibration. These new 
capabilities are used to analyse the origin of the observed 
electrical degradations for the DMOS structure and an orig- 
inal solution, based on the role of an interlayer joint, is pro- 
posed and validated. 

FABRICATION PROCESS 

Fig. 1 summarizes the main steps of the process flow 
for the MOS device. Epitaxial 10 Ohm/cm P-type (100) sil- 
icon wafers were used as starting material. The electrical 
isolation was obtained with a LOCOS structure (1000 °C - 
0.7 \xm thick). After the growth of the gate oxide (50 nm), 
an undoped polysilicon, 500 nm thick, was deposited by 
LPCVD, then phosphorus doped and anisotropically etched 
to form the gate. The drive-in of the implanted layers was 
followed by a LPCVD TEOS deposition, performed in two 
steps, 400 nm thick in total. Finally, after the densification 
and passivation steps, the contact holes were etched and 
filled with aluminium. 
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Figure 1: Description of the main thermal cycles and topological changes 
of the BIMOS process flow, describing the simulation input. 



NUMERICAL MODEL AND CALIBRATION 

Based on the Finite Element Method, a general cal- 
culation system of the fabrication induced stresses has been 
implemented in IMPACT-4. The deformation of all the lay- 
ers is calculated by applying the equilibrium forces condi- 
tions to the entire structure, the initial strain conditions at 
each time step being the superposition of the thermal, intrin- 
sic and residual (i.e., accumulated from previous steps) 
components. The stress-strain relationships are considered 
purely elastic for silicon and polysilicon, while non-linear 
(Eyring) viscoelastic behavior is adopted for nitride, ther- 
mal and deposited oxides [2]. 

The mechanical properties of the thermal oxide have 
already been calibrated [2]. Using standard values of the 
thermal expansion coefficient (i.e., 4.5 10" 6 l°C - 0.5 10" 6 / 
°C for Si and Si0 2 , respectively), the simulation of the 
oxide stress variations as a function of temperature for a Si/ 
Si0 2 bilayer gives a good agreement with experiments [3] 
and confirms the validity of the previous calibration as 
shown in Fig. 2. In a first order approximation, one can con- 
sider that undoped deposited oxide possesses the same 
mechanical properties as thermal oxide. However, doped 
deposited Si0 2 exhibits a lower viscosity than thermal 
oxide [4]. This viscosity is calibrated by simulating the 
cooling of a densified P-doped APCVD Si0 2 film (Fig. 3) 
[5], The experimental variation of stress versus temperature 
shows a viscoelastic regime for temperature as low as 
700°C. This behavior is correctly reproduced using the cali- 
brated values of viscosity reported in Fig. 4. For T< 300°C, 
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the variation of the stress softens up at relatively small val- 
ues, which is typical of plastic deformation. This phenome- 
non is modeled by the decrease of the shear stress threshold 
(2kT/VP) in the Eyring's model of viscosity. 

Finally, intrinsic stresses at the deposition tempera- 
ture are extracted by subtracting the simulated thermal 
stress, from the measured total film stress. 

MECHANICAL ANALYSIS 

The MOS fabrication, including isolation steps, has 
been simulated with IMPACT-4 and the results before the 
contact hole etching are given in Fig. 5, exhibiting high 
stress peaks both in the bird's beak region and in the active 
area. However, since the electrical measurements indicate 
the existence of junction leakage currents in the vicinity of 
the gate edge, the mechanical optimization has been 
focused on the gate formation and TEOS deposition steps. 
First, the influence of the intrinsic stress in polysilicon has 
been investigated. Fig. 6 compares the stress level for two 
simulated structures having a) a compressive stress of -500 
MPa (calibrated value) and b) no intrinsic stress. The results 
confirm the disastrous effect of the intrinsic component 
which generates high tensile and compressive stress in the 
active area (Fig. 6a) while the thermal component has a 
lower influence (Fig. 6b). Furthermore, the simulations con- 
firm that intrinsic stress is also responsible for the increase 
of stress in silicon as the gate length become wider (Fig. 7), 
results which can not be justified by thermal cycling [6]. 
The nature (either compressive or tensile) of residual 
stresses developed during cooling of the TEOS deposition 
steps is illustrated quantitatively in Fig. 8. Before TEOS 
deposition, the polysilicon gate is only constrained on one 
edge (oxide/polysilicon interface) and its stress is essen- 
tially compressive (Fig. 8a). During TEOS deposition, the 
polysilicon gate is expanded (ramp-up), then covered by the 
TEOS oxide and finally experiences large thermal mismatch 
(ramp-down) due to the high stiffness of the TEOS oxide 
which prevents large deformation of the structure (Fig. 8b). 
Consequently, in order to reduce this residual stress, the use 
of an interlayer material is proposed : TEOS oxide and 
polysilicon have been joined using a doped oxide interlayer, 
instead of a direct bonding (Fig. 9). According to simulation 
results, this doped oxide, much more viscous and plastic 
than the TEOS oxide, can significantly reduce the stress 
peak (Fig. 10), as a result of its extensive localized defor- 
mation. 

EXPERIMENTAL RESULTS 

Above results of simulation have been confirmed by 
the following experiments. Power DMOS transistors, with 
self-aligned source and backgate junctions, have been proc- 
essed (Fig. 11) with two types of LPCVD oxide insulating 
layers : 400 nm undoped TEOS oxide versus 100 nm BPSG 
covered by 300 nm undoped TEOS oxide. The cells had an 
octogonal shape with half of the sides being parallel to 



<110> crystalline directions. The device was sized to 
deliver 1 A drain current. The devices containing BPSG 
have been found free of dislocations (as deduced from TEM 
observations) and exhibit a leakage current of the order of 
100 pA (measured at VDS=10V), whereas the devices that 
did not contain BPSG exhibit dislocation loops in 5% of the 
cells (in <110> planes, along the <110> polysilicon edges), 
together with a total leakage current of the order of 10mA 
(Fig. 12). 

CONCLUSION 

A mechanical optimization of the MOSFET devices 
of a BIMOS technology has been performed by extensive 
use of the calibrated stress simulation capabilities of the 
process simulator IMPACT-4. It was confirmed by electrical 
measurements that the use of interlayer joint is very effi- 
cient to control residual stress. This principle could be 
extended to other dissimilar material-joining problems such 
as trench isolation where polysilicon is embedded in a ther- 
mal oxide matrix. 
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Figure 2 : Stresses induced by the cooling of a thermal oxide layer. 
Measurement suffers an average error of 60MPa. 
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Figure 3 : Silicon stresses induced by the cooling of a doped APCVD oxide 
layer. 
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Figure 4 ; Calibrated viscosities for doped APCVD oxide. Previous cali- 
bration of thermal oxide is given for comparison. 




F , Kur e5 ; Simulation of the MOS structure before the contact holes etching with the corresponding shear stresses in MPa. 




Fig. 6b 




Figure 6 : Influence of the polysilicon intrinsic stresses on the pressure distribution: a) simulation with compressive intrinsic stresses for the polysilicon 
gate, b) without intrinsic stresses.The isovalues are given in MPa. 
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Figure 7: Polysilicon gate width effect on the average 
stress under the active area. ' 



Figure 8: Simulated structures, a) after the gate formation, b) after the TEOS insulating 
layer deposition. The pressure distribution is given in MPa. 




Fi£ure9: Simulation result of the final structure using a BPSG interlayer Figure 10: Reduction of the maximum compressive stress in sili 
(lOOnm thick). The pressure distribution is given in MPa. (near the gate edge) for different BPSG oxide layer thicknesses. 
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FigureJJk Schematic cross section of the VDMOS transistor. Figure 12: Measured leakage current for the 

DMOS structures processed without or with a 
BPSG interlayer. 
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This paper presents *an electrical analysis of 
mechanical stress induced by Shallow, Trench Isolation 
(STl) on MOSFETs of advanced 0. 1 3pm SOI technology. 
By applying external calibrated stress we measure 
piezoresistive effects and compare small and long 
transistors electrical responses. Main results are the 
mobility variations with stress, the strong ejfect of R sd on 
transistors responses, the quasi uniform ejfect along the 
channel (weak local 2D ejfects). Then using the same 
approach on short devices with different distances gate 
edge to STI, we show how to evaluate stress distribution 
induced by STI as well as its mean value under the gate 
of the devices. These results help to understand, 
minimize or optimize stress effects. 

1. Introduction 

Mechanical stress may be generated in MOS 
transistors at many technology process steps, as each of 
them generally implies different process temperature as 
well as material with different mechanical properties, 
thermal coefficient mismatch and so on [I]. As CMOS 
devices continue to be scaled down, these effects become 
more important. In the case of hetero-structures as SiGe 
devices, stress is used to improve performances. 
Otherwise it is mainly detrimental. For back-end part of 
the process, stress voiding and mechanical weakness of 
low k materials are of prime importance. For front end 
part, Shallow Trench Isolation (STI) is today the 
dominant source of stress in MOSFET channels [2],[3]. 

Stress induced by STI can in worst case affect yield 
through dislocations and in consequence the leakage 
current increases. For lower stress, MOSFETs drivability 
depends on design layout [4], and each design must be 
carefully electrically characterized. 

While piezoresistivity has been deeply studied in 
bulk silicon from both theoretical and practical points of 
view (for sensors), few works have been performed on 
advanced deep submicron CMOS technologies. Stress is 
difficult to measure locally and to simulate, since there is 
a critical lack of data for many thin film materials used in 
process. 

The aim of this paper is to propose a methodology to 
evaluate the STI induced internal stress in the MOSFETs 
channel by using a four-point bending method. To reach 
this goal we present first a piezoresistive analysis of long 
and short channel nMOS and pMOS of 0.13 urn SOI. 



2. Stress induced by STI 

Shallow Trench Isolation process may induce 
significant mechanical stress in devices. Due to a 
difference in thermal expansion coefficient between 
silicon and silicon oxide in the STI, visco-elastic effects 
and side-wall reoxidation during oxidizing thermal 
anneals, a compressive state of stress develops (Fig. 1). 
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Fig. 1: Schematic of mechanical stress induced by STI. 

Through piezoresistive effects this stress modifies 
transistors electrical parameters, such as mobility. A 
decrease of nMOS mobility and an increase of pMOS 
mobility are observed with increasing compressive 
stress. The higher the distance STI to gate edge is ("a" 
parameter), the lower the compressive stress is (Fig. 2). 
The unstressed reference is taken at a= 1 0 urn. 




Fig. 2; nMOS and pMOS SOI current versus "a" parameter. 

However the relationship is not linear, as the back 
wafer interface acts as a free surface and tends to impose 
a zero stress. It has been shown [4] that the typical 
dependence of the stress versus "a" can be described as: 



1 + K, 



(i) 



where an "a min -MOSFET" is taken as a reference and 
K 0 is a fitting parameter accounting for stress variations 
(when a oo) with respect to a(a min ). 



3. Experimental method 

A four-point bending technique is used to apply an 
external mechanical stress on MOSFETs in rectangular 
strips cut from the wafer. The interest of (his method is 
to have a uniform uniaxial stress between the two central 
fulcrums if the configuration shown in Fig. 3 is 
respected. 
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Fig. 3: Four-point-bending method. 

The surface stress is calculated from the relationship, 



G = 



12Eyt 

2 2 
4a -3IT 



(2) 



where E is the Young's Modulus (E=168GPa for (110) 
silicon orientation), y is the total strip vertical 
displacement (measured by a micrometer screw), t the 
total thickness of the strip, L is the length of the strip 
between the two external fulcrums and a is equal to L/4. 
The experimental procedure, preparation of samples and 
calculation errors are described in [5]. The global 
accuracy is estimated - to be around 7%. Stress was 
limited to 130MPa in order to avoid any sample break. 
Compressive or tensile stress can be applied. In all cases 
a continuous linear variation of parameters from 
compressive to tensile stress was observed. For practical 
reasons we will refer mainly to one kind of stress. For 
full piczoresistance analysis, stress was applied in a 
longitudinal or a transversal direction by appropriate 
sample preparation. 

4. Tested devices 

We tested n and p MOS transistors fabricated on 
(100) silicon substrates for bulk and SOI 0.1 3um 
technologies. Similar results are obtained. We focus on 
SOI results in this paper. 

Studied devices have a gate oxide thickness 
T ox =2nm, a channel width W=10um and a long 
(L=10u.m) or short (L=0. 13um) channel length. 

5. Experimental results 

A. Stress Influence on Long Channel Devices 

Figure 4 shows the typical external mechanical stress 
dependence of nMOS drain current and transconductance 
Gm characteristics in the linear region of a 10|im long 
transistor. The mobility variation is the main effect while 
threshold voltage is unaffected (variation < 3mV for a 
stress equal to lOOMPa), which is consistent with 
previous results [6], 



The variations of Auo/u 0 versus applied tensile 
mechanical stress are presented in Fig. 5. An excellent 
linear dependence was confirmed for both n and p MOS 
devices. For nMOS technology, the general trend of 
Au 0 /uo is to increase (decrease) under tensile 
(compressive) stress, more pronounced in a longitudinal 
direction than transversal. On the other hand, for 
pMOSFETs, Au 0 /u 0 decreases (increases) under a 
longitudinal tensile (compressive) stress and increases 
(decreases) under a transversal tensile (compressive) 
stress. These phenomena can be explained by the 
subband energy level change induced by the external 
stress in the case of nMOS, added to a band shape 
modification in the case of pMOS [7]. 
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Fig. 4: Linear region transfer characteristics of nMOS SOI for 0 and 
1 30MPa under a longitudinal uniaxial stress. 

The mobility variations are related to the 
piezoresistance response. If we respect the orientation of 
the device with the crystallographic axes under uniaxial 
stress, the mobility variations can be reduced to [6]: 



= n a = 

L 



S 44 



90° 



(3) 



(4) 



in which n s =n N +ni2, n L is the longitudinal coefficient 
and n T is the transversal one, The n L and n T values are 
extracted from the slope of Auo/u 0 versus the applied 
uniaxial stress respectively from 0° and 90° orientations. 
n n , n 12 and n 44 are the three major coefficients of the 
cubic structure of silicon. 

Table 1 summarizes the piezoresistive coefficients. 
The signs and magnitudes of these coefficients are 
similar with those reported in the literature on G.3nm 
devices [6], The observed discrepancies between the data 



might be interpreted by the differences in the device 
parameters such as oxide thickness, substrate doping.., 
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Fig. 5: Normalized mobility change versus applied uniaxial .stress. 

Table I: hezorcsistance coelTicicnts obtained lor the SOI devices (x 
10' I2 IV'). Error estimation: ±60.IO" ,2 Pa"'. 




B. Stress Influence on Short Channel Devices 

On short channel devices, the source/drain resistance 
must be taken into account. The influence of the series 
resistance R sd in linear region is taken into account using: 
/ . \ 

(5) 



Id = Id, 



1 



l-R^Ido/Vd 



Then we calculate the equivalent gate voltage shift to 
get the same Id with and without the applied stress 
AVg=Ald/Gm-(Id unslrcsscd - ld strcsscd )/Gm where Gm is the 
transconductance. Within a first order differential 
analysis [8], it can be shown that: 

AVg = -AVt + — (au 0 / \i Q ) ( 6 ) 
Gm 

As implied by Eq. (6) a plot of AVg versus Id/Gm 
should give the relative mobility change and the 
threshold voltage shift, as shown in Fig. 6 for a 
pMOSFET (note that AVt ~ 0). R 5d was extracted using 
Taur's technique [9], and assumed at first order 
independent of stress (due to high doping and according 
to in-house other characterizations and model isation). 
For all the devices, even though was low, its impact 
on the extracted parameter was significant for 0.1 3um 
devices (Fig. 7). 



Table II presents an example of calculations 
including R sti correction in the piezorcsistive coefficients 
for a pivlOSFET/SOl with L=0. I3um. 

Compared to the long transistor (L^IOum). a quite 
good agreement is observed for the two experimental 
coefficients (I1 L , R T ) and for the major physical 
coefficient {U A4 ). The minor physical coefficient n s is 
less precise as the relative extraction error is maximum 
in this case, fl s being the difference between two close 
values. 
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Fig. 6: Variations of the gate voltage shift AVg with the quantity 
Id/Gm alter various stress levels for a 0. 1 3um pMOSFET/SOI. 
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Fig. 7 : Normalized mobility change versus applied uniaxial stress as 
obtained with and without the correction to a 0.13^m 
pMOSFET/SOI. 

Errors in I1 L or H T are estimated in the order of ± 
lOO.lO ^Pa* 1 . Errors in n s or are estimated in the 
order of ± 150.10" l2 Pa*'. Consequently the agreement 
between FI coefficients for both short and long devices 
remains close to the measurement and extraction errors. 
An important conclusion to the previous discussion is 
that local or 2D stress (induced at the gate edge, at 
junctions, ...) does not affect significantly short devices 
as compared to longer ones. For this technology, edge 
effects (gate, junction, ...) may however explain the 
residual difference between small and long devices. 

Table II: Correction Piezoresistance Coefficients for pMOSFET/SOI 
with L=0.13um on (100) Silicon (x 10 ,,2 Pa '). 



MOSFET 


Measured 


Corrected 


Error 


parameters 


values 


values 




Channel length 


0.13 um 






Parasitic R SD 


35 Q 






v d 


-0.1 V 






n L (.!0- 12 Pa-') 


-372 


-561 


+/- 100 


n T (.10* 12 Pa') 


431 


469 


+/- 100 


n s (.io-'W) 


59 


-92 


+/- 150 


Om (.I0' 12 Pa') 


804 


-1031 


+/- 150 



6. Stress evaluation by bending 

Four-point bending method was applied for 
L=0.l3um transistors with different gate edge / STI "a" 
distance. For each device a tensile stress from 0 to 
lOOMPa was applied. Data for SOI pMOS device are 
given in Fig. 8. Two main results are obtained. 

First we can observe that for all the devices, the 
curves ld(a) are parallel. This indicates that the different 
sources of stress considered here, namely due to STI and 
due to bending, are additive. No non-linearity or 
relaxation effects, etc... are noticed. 

Second by exploiting the previous linearity and 
parallelism, we can extrapolate the curve of "zero stress" 
transistor, a=10u.m, on which external stress is applied, 
to recover Id value of devices without external applied 
stress but with STI induced one. This procedure can be 
considered valid as long as STI induced stress is 
homogeneous along the channel of the transistor. This is 
true for these L=0.13um devices as this length value is 
considered small, compared with the characteristic 2D 
behavior of stress which extends to about -1 .3um. 
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Fig. 8: Four-point bending experiment on pMOS with varying a. 

The value of stress in the channels obtained for the 
different "a" values is shown on Fig. 9. This curve gives 
a realistic quantitative 2D stress profile versus "a" 
distance. We observe that stress becomes significant, in 
this case, at "a'Mum, in agreement with previous 
statement. The maximum value obtained for a m j n is 
around -1655MPa for pMOS and around -756MPa for 
nMOS (this difference was clearly visible on Fig. 2). 
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Fig. 9: Stress profile for L=0.13jim devices (experimental results and 
linear model fitting, performed on nMOS and pMOS SOI transistors). 

A very good fit is obtained between the experimental 
stress profile and the linear model fitting (calculated 



from eq. (I) with c^n)*- 1655MPa or -756MPa and 

K n = -1.06 or -1.02 respectively for nMOS or pMOS), for 
both nMOS and pMOS devices. 

7. Optimized process 

Previous stress studies helped to understand and 
optimize stress effects induced by STI. The fabrication of 
STI was optimized with a new liner process involving 
low induced stress. An example of reduced stress option 
versus "a" parameter is given in Fig. 10. 
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Fig. 10: Id(a) on optimized SOI process. 

This new process enables to reduce drastically the 
effects of STI induced stress on electrical characteristics. 
For pMOS there is a gain about 40% whereas it is about 
15% for nMOS. 

8. Conclusion 

Using a four-point bending method we have shown 
that we can get many valuable information on 
piezoresistance and on stress effects on advanced 
technologies. We have assessed the stress response on 
short transistors. We have proved a similar behavior for 
small and long transistors once R 8d effects have been 
taken into account. To this end, the 2D stress profiles 
(shape and quantitative values) induced by STI have 
been extracted and permit to understand and optimize the 
initial process. 

Such methodology and data can have many further 
applications in the field of simulation calibration, 
analysis of parameters dependence with stress, analysis 
of internal stress induced by the process, etc... 
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Data Retention Time and Electrical Characteristics of 
Cell Transistor According to STI Materials in 90 nm DRAM 
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Cell transistor and data retention time characteristics were studied in a 90-nm design-rule 512M- 
bit DRAM for the first time. Also, the characteristics of the cell transistor were investigated for 
different shallow trench isolation (STI) gap-fill materials. A high-density plasma (HDP) oxide with 
a high compressive stress increased the threshold voltage of the cell transistor whereas the poly- 
silazane spin-on-glass (P-SOG) oxide with a small stress decreased the threshold voltage of the cell 
transistor. The stress between the silicon and the gap-fill oxide material was found to be the major 
cause of the shift of the cell transistor threshold voltage. When a high stress material was used for 
STI gap fill, the channel-doping concentration could be reduced, so the cell junction leakage current 
was decreased and the data retention time was increased. 

PACS numbers: 85.30.De, 77.21. Gm, 73.61,Ey, 73.61.Ey 

Keywords: STI meterial, STI void, Two-HDP, P-SOG, Cell junction leakage, Data retention time, Threshold 
voltage 



I. INTRODUCTION 

As the densities of dynamic random access memories 
(DRAMs) enter into the giga-bit era, it is essential for 
the design rule to be scaled down below sub- 100 nm 
[1]. As the design rule shrinks more, the short-channel 
effect (SCE) increases and various device characteris- 
tics, such as the sub-threshold current and the voltage 
swing, degrade [2]. The most critical issue is the decrease 
in the threshold voltage and the increase in the sub- 
threshold current. Therefore, the channel doping con- 
centration should be increased in order to suppress the 
short-channel effects and to minimize the sub- threshold 
leakage current. However, high doping levels lead to in- 
creased junction leakage currents, which will decrease the 
retention time. 

Recently, data retention times nearly doubled with 
each successive generation due to the need for high- 
density, high-speed and low-power DRAMs [3]. The 
electric field in a memory cell's storage node junction 
boundary has been becoming stronger, and the leakage 
current has been increasing with each generation, result- 
ing in poor retention characteristics. The retention time 
is projected to be an even more serious problem. 

Process integration with the design rule of sub- 100 
nm has many problems. One of the serious problems 
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in the sub- 100 nm process is the shallow trench isolation 
(STI) gap-fill process. Figure 1 shows the variation of the 
STI aspect ratio with the technology generation. If the 
STI gap with high aspect ratio is to be filled, a multi- 
step deposition of a high-density plasma (HDP) oxide 
or a flowable oxide, such as spin-on-glass (SOG), ozone 
tetra-ethyl-ortho-silicate (O3-TEOS) is required. In this 
study, we used an HDP oxide and a poly-silazane (P)- 
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Fig. 1. Variation of the STI gap-fill aspect ratio with the 
technology generation. 
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Fig. 2. Major process sequences for fabrication of a 
DRAM. 
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Fig. 3. Process flow for STI gap fill and schematics. 



SOG oxide as the gap-fill materials, and we compared 
their characteristics when used in a ceil transistor. The 
behaviors of the cell transistor's threshold voltage and 
junction leakage current were studied for different gap- 
fill materials. The data retention time is also discussed. 



II. FABRICATION PROCESS 

Figure 2 shows the major process sequence for DRAM 
fabrication. The process sequence is as follows: First, the 
active region is defined on the silicon substrate by using 
photolithography and etching. After trench etching, the 
sidewall was oxidized and a SiaINU liner was deposited 
using low-pressure chemical- vapor deposition as shown 
Fig. 3. Sequentially, a double-oxide-layer process was 
used to make a void- free STI structure. First, the gap- 
fill layer was either an HDP oxide or a P-SOG oxide. 
Then, the proper amount of the first oxide on the active 



Fig. 4. Vertical SEM photograph of the final STI gap fill 
process a (a) using double HDP oxide and a (b) and (c) P- 
SOG+HDP structure. 




Fig. 5. (a) Top view and (b) vertical SEM photograph 
after gate etch of the cell array region. 



Si3N 4 mask was chemically removed using wet etching, 
exposing the over-hang point around SisN4 mask. In 
the case of the P-SOG oxide as the first oxide layer, a 
650 °C wet annealing was added to change the P-SOG 
layer into stable Si0 2 [4]. Finally, a second HDP oxide 
layer was deposited, and chemical mechanical polishing 
(CMP) was used to make a planar surface. Figure 4 
shows a cross-section of the STI structure after deposi- 
tion of the gate poly-silicon. STI with the P-SOG+HDP 
process shows a clear wet boundary, but STI with the 
HDP+HDP process does not. To study the effect of the 
amount of P-SOG oxide gap-fill on the cell transistor's 
behavior, we split the wet etch time into two parts. Af- 
ter STI process, ion implant processes were executed to 
form the well and to control the transistor's threshold 
voltage. 

A dual gate oxide process was adopted to cover various 
performances of various transistors. For gate formation, 
an 80- nm poly- silicon layer, a 100- rim WSi r layer, and 
a 180-nm Si3N 4 layer were deposited. And then, a pho- 
tolithography process and an etching process defined the 
gate patterns. Figure 5 shows a top view and a cross- 
sectional view of a cell array transistor after gate etching. 
The gate length of the cell array with a 512M-bit den- 
sity was about 95 nm. The source/drain extension was 
formed by implantation. The gate spacer was formed 
using a S13N4 layer. We deposited an inter layer dielec- 
tric (ILD) and used CMP to form a flat surface on the 
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Fig. 6. Cross-sectional SEM photographs of (a) the word- 
line direction and (b) the bit-line direction in the cell to the 
core region. 




Fig. 7. Schematic cross-section view of the three compo- 
nents in the cell junction leakage current. 



ILD in order to provide a sufficient depth of focus (DOF) 
margin for the photolithography process to come next. 
The source and the drain regions of the cell transistors 
were etched by using a self-aligned contact (SAC) etching 
process, and an N-type dopant was implanted through 
the SAC openings to reduce the contact resistance. El- 
evated source and drain contact pads were formed by 
deposition of doped poly-silicon, and the contact pads 
were separated by using a CMP process After that, the 
bit-line process, the cap process, and the metal process 
were used to complete the DRAM, as shown Fig. 6. 



III. RESULTS AND DISCUSSION 

The cell junction leakage current is composed of three 
major components as shown Fig. 7. The first one is 
the channel-surface-region-induced (i.e., Si-Si0 2 inter- 
face) leakage current, Ist/j*. The second one is the STI 
sidewall-region leakage current, Isti- The third one is 
the junction bulk depletion leakage current, Ibulk- As 
the design rule shrinks, the thickness of the gate ox- 
ide scales down to compensate for SCE, and the gated- 
induced drain leakage (GIDL) current increases. The 
GIDL depends on the gate etch and the re-oxidation 
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Fig. 8. Comparison of cell (a) DC and (b) BC junction 
leakage currents for various STI gap-fill materials and P-SOG 
thickness at the same dose. 



conditions. This process-dependent GIDL current has 
a strong relation to the data retention time [5]. The DC 
(bit-line contact) junction leakage current, shown in Fig. 
8, is the sum of the \ S ti and the Ibulk leakage currents. 
This DC junction leakage current depends on the first 
gap-fill material and increases with increasing amount of 
HDP oxide. The HDP oxide and the P-SOG oxide both 
have compressive mechanical stress, but the P-SOG ox- 
ide has less stress than the HDP oxide because of its lower 
density. Figure 9 shows the shear stress characteristics 
when HDP oxide and P-SOG oxide materials are used. 
The results in Fig. 9 were simulated using TSUPREM4. 
This lower stress on the bulk silicon reduces the leakage 
current. As the amount of P-SOG oxide in the STI re- 
gion is increased, the total stress on the bulk silicon is 
reduced, and DC junction leakage current is decreased. 
The BC (storage node contact) junction leakage current, 
which is shown in Fig. 8, is mostly composed of Isim- 
Accordingly, the BC junction leakage current does not 
change for different STI gap-fill materials. Isvr depends 
on the electric (E)-field in the BC junction edge, and the 
E- field depends little on the STI gap-fill material. Figure 
10 shows the E-field contour simulation for V ds = 3.5 V, 
V bb = —0.7 V, and V gs = 0 V. The simulation shows the 
largest E-field value under the gate edge, and this value 
increases as the design rule is scaled down. With increas- 
ing E-field, the BC junction leakage current increases and 
the data retention time decreases. For a longer data re- 
tention time, the channel and the source/drain junction 
structure should be optimize as the design rule decreased. 
This will not be discussed further in this paper. 

The threshold voltage of the cell transistor depends on 
the STI gap-fill materials and the P-SOG oxide volume. 
If the STI gap is filled only with an HDP oxide, the 
threshold voltage of the cell transistor is largest. Also 
the threshold voltage decreases as the amount of P-SOG 
oxide is increased. If the amount of P-SOG oxide in 
the STI region is increased, the stress in the bulk sili- 
con decreases. This lower stress in silicon is helpful for 
enhancing out-diffusion of boron, the channel dopant, 
during ensuring heat process, such as gate oxidation or 
re- ox id at ion. At the same channel ion implant dose, the 
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Fig. 9. Simulated shear stress contour of (a) STI HDP and 
(b) STI HDP+P-SOG. 




Electric Field Magnitude 



(b)A 



Fig. 10. E-field simulation of a cell transistor with Vds = 
3.5 V, V 66 = -0.7 V and V gs = 0 V: (a) E-field contours and 
(b) cross-sectional view of the E-field magnitude. 
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ion implantation dose, as shown Fig. 11. Consequently, 
the channel ion implantation dose can be decreased to 
achieve the target threshold voltage. Also, a lower chan- 
nel ion implantation dose will decrease the defect density 
in the junction boundary of the cell transistor, thereby 
increasing the data retention time in the DRAM [6]. Fig- 
ure 12 shows the data retention time for various gap-fill 
materials at the same cell transistor threshold voltage. 
Compared with the P-SOG-oxide-filled STI, the HDP- 
oxide-filled STI needs a smaller channel ion implantation 
dose to have the same threshold voltage level. Conse- 
quently, the cell transistor with the HDP oxide material 
has a longer data retention time. 



IV. CONCLUSION 

The data retention time of a 90-nm ceil transistor with 
512M-bit density DRAM can be improved by using an 
HDP-oxide gap-fill in the STI region. If the STI region is 
filled with a larger-stress oxide, the cell transistor thresh- 
old voltage is increased, and the channel ion implant dose 
can be reduced to achieve the target threshold voltage. 
This lower channel dose will increase the data retention 
time. 
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' '/ Abstract ./..'•" • ■ ''■.''.'...'■.'.V..'. 
Highly reliable Void Free Shallow trench Isolation (VF-STI) 
technology by employing Polysilazane based inorganic Spin- 
On-Giass (P-SOG) is developed for sub: 0;1. devices:,. In- 
order to overcome the : : di faculties from the gSpVfi 1 1 Irijg" arid " 
accumulated mechanical stress in STI, P-SbG pillar ts 
introduced at . the trench bottom- As a result, P^SOG pillar; 
having low stress improves data retention tirne and hot carrier = : 
immunity in 256 Mbit DRAM by reduafrgj: / ^cq^uiaitiye ! STI [i 
stress. In addition, VF-STI shows an.^e^iieht .^xle 
terms of gap filling capability even at-lfe"--asjs^ 
than 10 without void formation. 

■■: ■ Introduction: 
As the design rule of device is scaled down to sub 0.1 /im, trie 
trench isolation technology confronts with serious problems, 
such as trench gap-filling limitation and involving mechanical 
stress, which results in device degradation. In the case of ST! 
filled with the conventional High Density Plasma (HDP) ojqde, 
void is formed below' 0.1} .technology node, and 
mechanical STI stress is increased linearly- due to the mismatch 
with thermal expansion coefficient between HDP^ oxide: 'and 
silicon (Figil). In the conventional STl f ; : the shallow trench 
depth for simple gap filling brings additional channel stop 
implantation/ and cell pitch scaling also incur interface state 
induced by mechanical stress at the STI top corner. These high 
doping concentration and interface state generation deteriorate 
data retention time by the increase of GIDL current (I] and hot 
carrier immunity in DRAM [2]. In this paper, highiy reliable 
VP- STI technology using P-SOG for sub 0.1 jim DRAM is 
proposed. This technology provides complete gap filling at the 
aspect ratio of more than 10 and better data retention and hot 
carrier immunity. 

:. Experimental . 
Fig. 2 shows schematic diagram of VF-STI. On a pad oxide / 
SijN,, photoresist was patterned to; define active and field region, 
and trenches were formed. Sidevyal! oxidation was performed 
and LPCVD $ijN 4 liner was deposited to use as an etch stop 
layer, then, trie trench was filled with 200 nm thick P-SOG (Fig. 
2(a)), and etching with dilute HF solution was followed until P- 
SOG remained at the middle of the trench (Fig. 2(b)). P-SOG 
was then annealed at 700 V in an oxidizing ambient. Through 
this step, P-SOG was transformed to the SiO ? and became more 
resistant to the following wet etching. FT-IR spectra of as-spun 
and after-annealed P-SOG are shown in Fig.3, indicating that P- 
SOG film was completely transformed to SiO^ Finally, HDP 
oxide was deposited to fill the rest of the trench. Then, CMP 
and Si ; N 4 removal processes were performed (Fig. 2(d)). 

Results and discussion 
VF-ST1 technology shows excellent gap filling capability 
without void formation at 512 Mbit DRAM cell wiih the 
isolation spacing of 0.1 tm and aspect ratio of 10:1 (Fig. 4). 
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. Comparison of the mechanical stress was performed and stress 
hystereses of P-SOG and HDP oxide on bare Si are shown in 
Fig. 5. P-SOG has lower compressive stress than HDP oxide 
hecjausje. of its lower- density. Fig. 6 and 7 show shear stress 
chWacteristics of W-STT and conventional STL respectively, 
which are simulated by TSUP.REM4. These results present that 
the cumulative stress level of ;VF*STI is lower than that of the 
conventional $tj at trie §i/SiO I interface; 

g;^r^STr:$pfe fully functional 0.17 m 

^e$}g^ the device performance with 

■•■VF^^->L : wefe^foUhd^'to be comparable to . that with the 
conventional STL ■ • . ' 

Fig, 8 shows gate oxide charges to breakdown characteristics 
measured from rectangular NMOS patterns. No difference is 
observed between those of VF-STLand the conventional STI, 
and Q w values are over I C/cm J for each scheme. Fig. 9 shows 
the.; transistor ^•JgrY^i characteristics. Those were evaluated at 
different sufc^^ check a presumable grooving 

aVthe attack during the etch process. 

There, is no difference between ^ VF-STI and |he: ;^riyentional 
SX|; ^|r^m / i ht e .p^y i o u ? . f es u I ts* \ it. is. concluded &at the upper 
part^of .vVjF.-S the sinie: shape sis' that of the 

co^h^a('^^Fi$^ shows G1I>^ characteristics measured 
at varlb)^ lower 
thaii i. those of" the conventional STI at Mgh temperature^ It means 
that" the\ ju^c^Qn'v-^ak^ge current arid the . band to defect 
tunneling current of VF-ST^ those of the 

conventional STI. Also, VF-STI has lower mechanical stress 
induced leakage current. Fig. 1 1 shows the 1 D degradation in 
wide and narrow n-MOSFET's after hot carrier stressing: The 1 0 
current degradation in ■ narrow n-MO.SFET's owes to interface 
state generation at the: top corner of STI and a narrow width 
device with. VF-STI exhibits smaller drain current degradation. 
It clearly explains that VF-STI developed less interface state 
generation than the conventional STL DRAM data retention 
curves with VF-STI and the conventional STI are shown in Fig 
12. Fail bits of VF-STI are much smaller than those of the 
conventional STL The improvement of retention time is 
achieved from reduced mechanical stress by employing VF-STI. 

Conclusion 

Highly manufacturable, low-stress and void free STI 
process using P-SOG has been developed. Based on the 
device performance 'with VF-STI, it can be concluded that 
this technology is a promising candidate as a future. isolation 
technology beyond 0 J m era. 
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Abstract between 
tronsistors^theto isolation 
1ST!) become l^ by 
conventional :LP'CV{> ":f$0S ^^TJW^^^ 1 void 
formation. Higfcde/ts been 
evaluated/or 

equipment costs more thart^LI^C^ikl^tsy-ptiper is to 
describe] a new technique, tx p^lse;prjes^r^.tfi£»^chl vapor 
deposition ( CVD) method j0r''^tyfiU''Withokt^fo : i^ing any 
voids by using conventional LP-CVD equipment Pulse 
pressure enables an uniform source gas supply to The STI 
trench and a confortnal film deposition without void- 

INTRODUCTION 

The STI process has been -Wed instead of local oxidation of 
silicon (LOCOS) from around the 0,25-^rh feature, size 
generation of LSI;- For -(his- -'STI treitoh fill ^ conventional 
Tetraethoxysibne (TEOS) low pressure chemical vapor 
deposition (LP-CVD) was used. However as (he feature size 
get smaller, ii has become difficult to fill STI trenches without 
forming any voids; iFigl 1 Tshovvs a cross section of a void 
deposited by the conventional LP-CVp. deposition condition 
<680°C, L8Torr), as photographed with "'a scanning electron 
microscope.(SEM).:.*-: 



through the "etching residual polysilicon in such voids, as 
shown in Fig. 2. -■■ 

To solve this void formation, from the 0.1 S um generation 




Fig- l> SEM picture of void cross section as deposited at 
680°C 



This void will be opened to the air by the following etching 
processes and induce electrical short of the gate, conductors 




Fig- 2. STI surface picture of gate conductor shirt 
through void aipag the STI pattern ...1 V w.- 

LSI, a high-density plasma (HDP) process is being evaluated 
for void-free films, because of its better film conformality. But 
silicon oxide (SiOj) film resistance against wet chemicals 
etching and film stress view point, LP-CVD TEOS film shbws 
better quality than that of a HDP S1Q2 film as shown in Table 

L .-I...-. .- .- .... . .., 

Table!, Chemical etching rate comparison 





LP-CVDTEbS 
film 


HDP TfeOS film 


Chemical etching 
rate(DHF) 


V 1,2 A/sec . 


. . 7.7 A/sec . 


ratio 




' 6.4 V. ' 
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STI SiOj film thickness recession induces parasitic corner 
device as shown in' Fig. X atid : degrades sub-iKreshbldVdHage 
device characteristics. Also, the process and equipment cost of 
conventional LP-CVD is much Jowcr than that, of HDP. . 
equipment. Therefore it is desired to extend the,UVC.V£ 
TEOS oxide use for STI fill below OJ 8 fan. - - 

Pol lowing is (he mechanism of void formation. In theLP-CVp 
process tube during deposition, the reaction TEOS gas 
pressure is maintained at a few Torr, and a few micron thick 
surface diffusion layer exists over the. wafers. The; TEOS gas 
diffuses to the bottom of the STJ trench as shown in Fig-. 4. 

Thjs^asd^ layer creates a 

■ ''^i^B^ff^^:^.^ v"i\^S^^Vi'.l ■ ■ ■ Gas concentration : N . . ; 



lowering of the deposition temperature is not realistic due to 
the very long deposition times required. 




N(x;()- Noerfc 



. 2VOT ....... 

.. N . - ga$ concentration : . . . 

No - bulk gas concentration , 
x : distance from diffusion layer surface 
D : diffusion constant 



. Fig, 4. Surface diffusion layer over Si wafer ¥ 
and gas concentration in the STI 

source gas concentration gradient in the trench {right side of 
Fig. 4) and leads to non-uniform oxide growth* which causes 
voids to form. In the diffusion controlled reaction region, gas 
concentration is described by the equation in Fig:4- Therefore, 
to avoid void formation, it is necessary to have a uniform gas 
concentration in the STI trench. One technique is to increase 
process pressure and ity lower the deposition temperature. 
Lowering process temperature reduces film deposition rate and 
reaction gas ^ coh other :• timd; gas 

d iffusiori rate is ke pi ' : 'c6mt^iU^ith. : this effect? . gas 
concentration become ui»ifphiii^tjh^.'5TI trench and uniform 
film deposition can be exr^ct^Vtte SEM picture in Fig. 5 
shows a void cross sectiori -"^.ii'^&iterj- at a desirable lower 
deposition temperature and higfer pi^ure condition (600*0, 
4Torr), compared with conventional condition (680°C, 
l.STorr). The void size shrunk but still exists. Further 




Fig. 5. SEM picture of smaller void deposited at 

....^.V.-fiW'C.::":. ■ 



To obtain more uniform gas concentration in the STI trench, a 
"pulse pressure CVD technique" . was developed, using 
conventional LP-CVD equipment, This technique uses a 
modulated process pressure to fill reaction gas in SIX:. 



The new gas pressure diagram used for pulse pressure CVD is 
shown in Ftg, 6. Under the vacuum condition marked (A) in 
Fig- 6 ? r^ surface ditTusion layer exists over tow As the 
gas pressure ris^ and pushed 

into the^.to^ not by 

diffusion through tl^ no surface 

diffusion layer arto in the 




Fig. 6. Pulse pressure CVD pressure 
v diagram 

STI trenches can be obtained. Next, the gas flow is held 
constant for 4 minutes (in mis case). At the beginning of the 
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. .-stable pressure stage (C), due to : the gas,jiurbMlencc*^hc. surface 
. diffusion f layer., is, ihip. enough ^0: .tliat:. there? .is uniform gas 

. concentration iq .ibp .Sfi trenches.,. p.efore: a tJtnck,. surface 
diffusion, layejr JsL/orTried,. $he. : ;U? ? CV P :.charnber is evacuated 
tb.reFWVc.^ feecausc of these effecis, a 

uniform gas gQneefltraupa in. S^H^nch ,anjt a uniform silicon 
oxl^e. njm^wih that fead 19 nq void formation: are. expected. 
Tr^is pressure moduhuipn cycle js repeated .to deposit TEOS 
ox ide, . film , to a., target . diickness, ■., Fig- . 7. shows . an : SEM 
^-se<?t W pxicje fi(m.dejfK>st.ted,hy this pulse 

pressure CVD technique. Process condition of. this process is 
descried in table 2. 




Fig- 7. Void free STI fill using pulse preskure CVD at 
iod*C t 17 pulse cycles ' 



Table 2, Pulse pressure CVD process condition 



, Parameter ... 


. Condition 


Temperature 




Pressurc(High) 


2.Torr • 


Prcssure(Lo.w) : ... 


. . 10-30 mTqrr \ 


TK>S gas flow 


200ACCrri 


Pressure rise period . . 


60-70 sec 



This picture shows thai trenches can pc filled without any 
voids by using this pulse pressure CV£> technique on the 
conventional LP-CVD equipment. 

Ffttn thickness uniformity . 

TEOS oxide film thickness uniformity within wafer is 
compared among the films deposited by the conventional 
LP-CVD and the Pulse pressure CVD in Fig. 8. TEOS film 
thickness uniformity of the wafer located at the top and bottom 



of the boat shows a convex and concave shape, respectively. 
This thickness, uniformity tendency is same as that of the 
conventional CVD. Thickness uniformity trend within CVD 
tube is showri in Pig/ 9: Thickness uniformity at the top 
portion of the boat(36-85 wafer slot) is worse than that of 
conventional CVD. 
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Fig.8 Within wafer thick ness uniformity comparison 
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Fig.9 Within wafer uniformity by wafer position 



Gas consumption efficiency 

As pulse pressure CVD process includes rapid pump down 
sequence, source TEOS gas loss during pump down is a 
concern. Table 3 shows a source TEOS gas consumption 
efficiency. Gas consumption efficiency is calculated by using 
the value of the TEOS oxide Him thickness divided by total 
TEOS gas supplied to the LP-CVD tube. Source TEOS gas is 
deposited on the wafer more effectively by 26% when pulse 
pressure CVD technique is applied. 



1)9 





Pube pressure 

; -';;(3vDt \ \ 


Conventional 


Gas consumption 
efficiency 


57.6 nnVL : 


: 45.7 nrti/L 


. . Ratio . .. 


.. ..1.26 


LOO 



v:; DISCUSSION 

Conventional LP-CVO uses rhc diffusion limited reaction 
region , to achieve goid;\vi thin wafer, and wafer -to- wafer 
uniformity. : But this diffusion limitation I reaction- region 
induces reaction gas concentration gradient.! As film growth 
rate; is proportional to' the gas concentration, with; this 
condition, non-uniform film is deposited in the STI trench that 
lead to void formation. Pulse pressure CVD technique enables 
to supply source gas to: the bottom of STI trench by gas flow 
and uniform gas concentration can be achieved. Without 
diffusion layer that is mandatory factor for conventional 
Lp-CVD to achieve good film thickness uniformity t pulse 
pressure CVD could demonstrate equivalent film thickness 
uniformity at the lower half portion of the boat. The reason of 
die bad uniformity of the film thickness at the top portion of 
the boat is thought as follows. Due to the TEOS gas flow rate 
limitation of the toot during pressure ramp up, TEOS gas is 
consumed ai the bottom of the boat as there are no diffusion 
layer and enough unreacted TEOS gas cannot reach to the 
wafer at the top portion of the boat to have uniform gas 
concentration. To improve within wafer unirormky't higher 
source gas flow is needed. 

In conventional LP-CVD tube, some amount of source gas 
does not contribute to film deposition because of the existence 
of the surface diffusion layer. As pulse pressure CVD 
minimize this diffusion layer, the percentage of the gas that 
reaches to the growing fihii surface increase and improves gas 
consumption efficiency: 



STI aspect ratio during deposition 
OAiriaf STI depJkO.90an\ width: 0.33um) 
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■ For the higher aspect ratio STI than this experiment 'sample, 
voidless TEOS film fill capability is examined by using Fig. 7 
and Fig. 10: During TEOS deposition, STf aspect ratio 
increase asf TEOS film thickjiess increase as shown in Fig. 10. 
For example, when 0.1 5iiin thickness TEOS deposited on STI 
with 0,35jnn width and O:50pm depth; STI aspect ratio reaches 
: 7 (STI widhthiO^^m, deplh:0. 35pm). Pulse pressure CVD 
process can fill STI with this hijgh aspect ratio without void 
formation as shown in Fig. 7: This nieans that pujse pressure 
CVD has a capability to fill TEOS without void beyond 
O.ISujrt LSI generation. " ' v * 

For the much higher aspect ratio trench fill, like trench 
capacitor of DRAM, more rapid/ gas pressure increases (B) 
and decreases (D) in Fig. 6 arc needed to minimize gas 
concentration gradient by effective gas pushing in trenches 
This ideal Vc^^ of the 

LP-CVD e^pip^ source 
g3S supply re^fye!;^ 
buffer tank for fast gas pre^su^ doWhi^ ■ 



CONCIitTSION : 



We have shown that- a pulse. pr^ssWc GVD. tcchni^ui is very 
effective fory-yoid free Stl fill with coniyeiiittd^ 
equipments • . \vjthout using high*densUyv : plasma- CVD 
equipment. ^oiqV less TEOS fill is-:^cM6V^^by.v^ii-pp|ying 
source gas tp ifte; lK)tl6m of live STI | trench ; wkh g& pressure 
modulation. Pressure modulation has another effect to improve 
gas consumption efficiency by 26%. because of the 
minimization of surface diffusion layer thickness. 
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Defect Control of STI Process Technology 

By Kensuke OKONOGI * Kousuke MIYOSHIf and Akio TODAx 

Shallow Trench Isolation (STI) is indispensable for achieving high-density devices. One of the 
ABSTRACT prob]ems with STI is that dislocation generation causes abnormal leakage 

current We evaluated the defect behaviors of different STI processes. Dislocation is caused by localized stress 
near a trench To clarify the generation mechanism, the relationship between dislocation density and strain 
near trenches was investigated. These results show that narrow trenches with steep profiles generate the 
dislocations. It is also realized that dislocation is caused by localized strain at the bottom corners of the 
trench. Thus, the trench structure needs to be optimized to reduce the dislocation and leakage current. 

KEYWORDS Shallow Trench Isolation (STI), Defect, Dislocation, Oxidation-induced Stacking Fault (OSF), 
Junction leakage current, Stress and strain 



1. INTRODUCTION 

STI (Shallow Trench Isolation) is an isolation tech- 
nology that is indispensable for achieving higher 
packing density devices, as the isolation pitch is 
scaled down for the future devices. One of the most 
severe problems with STI is the dislocation generated 
during the device fabrication, which cause abnormal 
leakage current and chip failure during the loose 
function test[l]. Therefore, the defect control technol- 
ogy is extremely important when using STI to develop 
highly reliable devices. 

There have been many reports on dislocations near 
trenches. Dislocations were observed after 
source/drain implantation[2,3]. However, the defects, 
which are generated by deep ion implantation during 
STI process, have not yet been investigated. There- 
fore, it is necessary to clarify what types of defects are 
generated by well implantation during STI process. 
On the other hand, although it is believed that dislo- 
cation is caused by localized stress near trench, there 
have been no systematically studies on the relation- 
ship between the localized stress and dislocation den- 
sity for various STI processes. Thus, it is important to 
measure the stress distribution near the STI and 
understand the mechanism of the localized stress in 
order to eliminate the dislocations. 

In this report, the behavior of the defects caused by 
deep ion implantation for various STI processes was 
examined. In particular, the strain profiles along the 
active/isolation interface were measured for several 
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STI structures and the correlation between strain 
profile and dislocation density was investigated. 

2. EXPERIMENT 

2.1 Experimental Procedure 

The ion implantation forms the nuclei that gener- 
ates the defects. Many defects are generated by a 
combination of ion implantation damage and STI 
stress. Therefore, the defects generated during two 
opposing processes were observed by using the 
SECCO etching method. In one process, the ions were 
implanted after forming the trench (process-A). In the 
other process, the trenches were formed after implan- 
tation (process-B). The defect density and junction 
leakage current for both processes were investigated. 
High-temperature annealing after implantation has 
been generally used to eliminate the damage induced 
by ion implantation. Two different annealed samples 
were thus prepared to investigate how the annealing 
temperature affects the defect density and leakage 
current for process-B. 

Mechanical stress would generate dislocation near 
the interface between STI and active layer. Also, dif- 
ferent trench structures have different types of me- 
chanical stress. Therefore, we investigated how the 
STI structure (i.e., sidewall taper angle and isolation 
width) affects dislocation density for process-A. The 
relationship between dislocation density and strain 
near the trench was evaluated to clarify the mecha- 
nism that generates the dislocations. The SECCO 
etching method was applied to determine the disloca- 
tion density. In order to measure the accurate strain 
distribution near STI, convergent-beam electron dif- 
fraction (CBED) method [4] was used for the strain 
distribution measurements of the two trench isola- 
tion pitches. 
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2.2 STI Process Flow 

Figure 1 shows the basic STI process flow in this 
study. After SisNVSiOg deposition, the active areas 
were defined by the stack layers, and the isolation 
area was then etched. The etched silicon surface was 
cleaned to remove the contamination and deposition 
during trench etching. The trench sidewall surface 
was oxidized to a thickness of 20nm and HDP-CVD 
oxide was deposited to fill the trench. Photo resist 
was applied to etch back the oxide and stopped on the 
Si.3N 4 mask, global planarization was achieved using 
the CMP process. The Si3N 4 and oxide were removed 
in a wet solution after annealing for the densification 
of filled oxide was carried out. Through-oxide was 
formed for the ion implantation, and the gate oxide 
was formed after removing the through-oxide. In 
process-A, boron ions for well formation were im- 
planted after the through-oxide was formed. In 
process-B, boron ions for well formation were im- 
planted before SisN 4 deposition is carried out. Anneal- 
ing was carried out in N 2 atmosphere at 750 or 
1,100°C to eliminate the damage caused by ion im- 
plantation. Boron ions were implanted at 300keV 
with doses ranging from 2 x 10 13 - 5 x 10 1 cm . 

3. RESULTS AND DISCUSSIONS 

3.1 Defects 

Figure 2 shows the SECCO etched samples for 
processes-A and -B at the wide isolation area. Oxida- 
tion-induced stacking faults (OSFs) were observed 



only on process-B samples. The OSF density depends 
on both the boron dose and the annealing tempera- 
ture after boron implantation (Fig. 3). The high- 
temperature annealing effectively removes the im- 
plantation damage. Therefore, OSF density of high- 
temperature annealed sample was reduced. 

Figure 4 shows the junction leakage current for 
process-A and -B samples. Abnormal leakage current 
was observed only on process-B samples. The OSF of 
these samples causes abnormal leakage current. In 
process-B, the trench surfaces were damaged by 
trench etching and implantation was directly oxi- 
dized. These damages behave as the nuclei for the 
generation of OSF. Therefore, the growth of these 
nuclei can generate OSF during the sidewall oxida- 
tion. However, in process-A, implantation damage 
does not occur before sidewall oxidation. Accordingly. 
OSF is not easily generated since the_surface before 
oxidation has a lower nucleus density. We believe 



STI formation 



implantation 



implantation 



STI formation 





Process-A 



Process-B 



Fig. 2 SECCO etched sample for two different 
processes at wide isolation width. 

Si 3 N\ 




(§> Si0 2 etch back 

Fig. 3 OSF density dependency on boron dose and 
Fig. 1 STI process flow. annealing temperature. 
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that etching damage does not generate the OSF 
nucleus but with the implantation. 

Photo 1 shows the SECCO etched samples for both 
processes at the narrow isolation area. Dislocation is 
only observed on the process-A sample at the narrow 
isolation width. Our investigation of process-A shows 
that dislocation generates after the gate oxidation 
following ion implantation. 

These results indicate that the dislocation will not 
be generated by the STI stress alone. The damages 
from the ion implantation in the strained silicon near 
the trench are one of the major causes for the genera- 
tion of dislocation. In the next experiment, the dislo- 
cation behavior in process-A for several trench struc- 
tures was investigated. 

3.2 Dislocation Behavior 

Figure 5 shows samples of 90- and 80-degree 
sloped trenches after SECCO etching. Trench disloca- 
tions were observed only on the vertical trench 



sample. The junction leakage current increases with 
the increasing of the slope angle of the trench 
sidewall. Figure 6 shows the relationship between the 
junction leakage current and the isolation width. The 
magnitude and variation of the junction leakage cur- 
rent increases with the decreasing of the isolation 
width. The narrower the isolation width is, the higher 
the abnormal leakage current will be. 

In order to determine where the dislocations gener- 
ate and what causes them, we examined the disloca- 
tions near the trench by using cross-sectional TEM 
and measured the strain profiles near trench for two 
samples with different isolation widths using the 
CBED method. 

Photo 2 shows a cross-sectional TEM image of the 
trench. All the dislocations were found to occur at the 
bottom corner. Figures 7(a) and 8(a) show the normal 
strain components (£xx,£yy) and shear strain compo- 
nent (£xy ) measured along trench profile for 0.2 or 
l.Ojum wide trenches. None of the strain 



•c 
a 




O Process-A 
• Process-B 
(annealed at 750°C) 
x Process-B 
(annealed all 150°C) 



-5 . 

l.E-02 l.E-03 I.E-04 \.F.~05 I.E-06 t.E-07 l.E-08 1.E-09 



Leakage current (A) 





Process-A 



Process-B 



Fig. 4 Junction leakage current for two different 
STI process. 



Photo 1 SECCO etched sample for different proc- 
esses at narrow isolation width. 




Fig. 5 Slope of trench sidewall dependence on leakage current and dislocation. 
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measurement samples were ion implanted or an- 
nealed in order to avoid the release of the residual 
strain after the dislocation was generated. Figures 
7(b) and 8(b) show cross-sectional TEM images of the 
measured positions around the trenches. The x- and 
y-axis are along the horizontal and vertical direc- 
tions, respectively. In Figs. 7(a) and 8(a), exx at the 
bottom of the trench and £yv at the sidewall had 
positive values (tensile strain). This tensile strain at 



1E-9 









1 










jo 



0 0.4 0.8 1.2 1.6 2 2.4 
Isolation width (fim) 

Fig. 6 Isolation width dependence on leakage cur- 
rent. 



the SiCVSi interface is attributed to the difference in 
the thermal expansion coefficients of silicon and sili- 
con oxide. Localized strain peaks in £xx were observed 
at the bottom and top corner for both samples. In 
particular, the strain peak at the bottom corner was 




X-TEM image 



Photo 2 Generated dislocation at the bottom cor- 
ner of trench. 
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(a) Three profiles of strain components (b) Cross sectional TEM image 

around trench. of strain measured positions. 

Fig. 7 Silicon strain measurement around the STI with 0.2^m width 
using CBED method. 




Fig. 8 Silicon strain measurement around the STI with l.Ofjm width using 
CBED method. 
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the strongest for both samples. Furthermore, the 
value of the peak at the bottom corner was stronger 
for the narrower trench. The strongest peak was lo- 
cated at the site where the dislocation was generated. 
These results indicate that dislocation is caused by 
localized strain at the bottom corners. 

The results of the strain measurement and SECCO 
etch-pit observation showed that dislocation is more 
easily generated for samples with the narrower 
trench and steeper profiles, since these types of 
trenches suffer the greater amount of stress. Addi- 
tionally, we found that dislocation is caused by the 
localized strain at the bottom corners of trench. 
Therefore, the trench structure needs to be optimized 
to reduce the dislocation density and the leakage cur- 
rent. 

4. CONCLUSION 

The defect behaviors for different shallow trench 
isolation processes were investigated. It is realized 
that boron implantation used for well formation 
caused oxidation-induced stacking faults and disloca- 
tions. Dislocation is generated when ion implantation 
damage is induced in the strained silicon near the 
trench, but not when only STI stress exists. Addition- 
ally, the dislocation is generated more easily in nar- 
rower trenches with steeper profiles. The stress is 
strongly depends on trench width and profile. An 



optimized STI structure can thus reduce the disloca- 
tion density and the leakage current. 
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Stress- induced defects in silicon device structures with shallow trench 
isolation have been studied using preferential etching technique and 
transmission electron microscopy. First dislocations occurred during 
trench tilling, their density increased throughout the device fabrication 
process. Dislocations were found to nucleate at the trench side-wails. This 
enabled using 2-dimensional stress simulations in the search for the ST1 
processing steps responsible for defect generation. Mechanical 
ciiaractcristics of CVD gap-fill oxide were experimentally measured for 
the calibration of the simulation models chosen. Vulnerability of STI 
structures to stress-induced defects at different characteristic processing 
stages was estimated using the results of stress evolution modeling. It was 
discovered that critical stress states arc realized during gap-fill oxide 
annealing. The intensity of stresses after this stage is the highest and does 
not change significantly during the subsequent processes. The deeper 
stress relaxation in as-deposited gap-fill oxide is achieved during its 
annealing, the more vulnerable STI structures become to dislocations. 



INTRODUCTION 

Since SO's Shallow Trench Isolation (STI) had been considered as a potential 
alternative for traditional LOCOS isolation in CMOS device fabrication. Yet only lately, 
with the industry continuing drive towards the further product miniaturization, costly 
utilization of complex STI schemes is being justified and they arc becoming the 
dominating or even sole option for sub-quartcr-micron CMOS technology generations. 
Recent advances in such fields as Chemical-Mechanical Polishing (CMP) and Chemical 
Vacuum Deposition (CVD) of void-free gap-fill dielectrics provide successful 
implementation of STI. However, there are still some fundamental issues to be solved. 

The concern regarding stress-related problems in STI processing was expressed long 
before this technology entered the field of commercial manufacturing. Analyzing the 
stress field in model silicon structures with parallclcpipcdic trenches, S. M. Hu came to a 
conclusion that the stress might exceed the critical resolved shear stress for dislocation 
propagation in silicon (1). The increasing number of reports on dislocation observed in 
STI structures has proved that stress-induced defects arc one of the major issues of STI 
technology (2). 

CVD oxides used in STI as gap-fill dielectric material are supposed to be annealed 
aiming the oxide structure densification and reduction of its etch rate during the 
following processing steps. The oxidation of trench side-walls during the post-deposition 
annealing of gap-fill oxide in oxidizing ambient was assumed by H. S, Lee et al. to exert 
the extreme stress towards the active device areas causing dislocation generation (3). The 
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annealing in nitrogen was consequently recommended for detect prevention. K.. Ishiinaru 
et al. compared detect densities in STI device elements having gate electrodes of different 
sizes (4). They decided that STI defect generation is controlled by the combined 
mechanical stress related to gap- fill oxide and gate material. They also found that gap-fill 
oxide annealing at temperatures as high as 1200°C provided defect-free STI structures. J. 
Damiano et al. did not find any significant impact of stress in gale stack on the incidence 
of dislocations (5). In their work, the annealing at higher temperatures resulted" in lower 
defect density as well. However, it was concluded that stress reduction alone can not 
prevent the formation of STI-rclated dislocations. The elimination of MOSTET 
Source/Drain implantation-induced defects was regarded as a key for defect removing in 
STI structures. 

The differences between these conclusions arose probably because they represent 
rather the case studies of particular processes, materials and geometry of STI structures. 
Additionally, experimental study of defect density vs. process conditions does not 
distinguish the effects of dislocation nucleation and their propagation. This might cause 
the confusion in the interpretation of the results. 

The objective of the present work was to unveil the development mechanism of the 
driving force for dislocation generation in silicon structures with STI. This was 
considered as a prerequisite for predicting the optimum material properties and process 
conditions for obtaining defect-free tcclmology. It occurred to the authors that the study 
of stress evolution in STI processing was the best way for identification the technology 
steps critical in terms of both defect nucleation and propagation. Stress modeling 
approach was chosen and extensive experimental investigations of defect distributions in 
STI structures were needed to apply simulation models correctly. For- calibration of the 
utilized simulation tool, experimental measurements of thermomcchanical properties of 
the materials involved in STI processing were also required. 

EXPERIMENTAL 

Device structures were fabricated on CZ (100) 200 mm p-type boron-doped silicon 
wafers with a resistivity of 6 - 9 Ohm-cm. The hard mask stack of thermally grown pad 
oxide and LPCVD silicon nitride film was first formed on the wafer surface. Using DUV 
lithography and plasma etching, the film stack was patterned defining active areas. 
Exposed silicon areas were etched to form trenches with tapered side-walls. The liner 
oxide film was thermally grown on the trench surface and the trenches were filled by the 
deposition of LPCVD TEOS oxide. Some structures were annealed in dry oxygen at 
different conditions. This followed by CiMP, the hard mask served as a stop layer for 
polishing. Then opened nitride patterns were removed in a hot phosphoric acid. STI 
processing was accomplished with the strip of the residual pad oxide from the surface of 
active areas using precise etching in diluted hydrofluoric acid. Devices were fabricated in 
active areas of STI structures using the conventional retrograde- well 0.25 um CMOS 
process technology. 

Crystal defects in STI structures were analyzed with an optical microscope after 
removing all the surface layers and defect delineation by Wright preferential etching. 
Transmission electron microscopy (TEM) was also applied for defect identification and 
the detailed study of their distributions in layout-specific device areas. 
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riuTmcKiicch.inuMl pionerr.es uf -,1! icmi nitride .uui -:ap-ii!l oxide fiinis \u:c 
determined In 'a.ilt eur\ ature measui emcnis at different temperature:;. i"hc laser i)c:ini 
stress measurement machine i-'SM US was utilized for that. 

Pic i"SI.'IM<I:M-4 nnKcss simulator -ails used Tor studying the stress evolution m 
silicon structures. Hie VISCOI.'S simulation model was applied, ii enabled stress 
calculations taking inio accouni die viscous ilow of materials during .S'I'I formation. 



RESULTS AND DISCUSSION 

Observation ol' dislocations 

Stress-induced dislocations were consistently observed during the analysis ol* 
crystalline quality of silicon structures with STl at different stages of the device 
manufacturing process. The delect density was the highest in the structures inspected 
after source/drain formation. The first dislocations were detected at the stages of trench 
tilling. Considering these as the processes responsible for dislocation generation onset, 
the major attention in this work was paid to the defect analysis during STI processing, i.e. 
before the formation of transistor structures. 

The average density of crystal defects in random regions of STI structures was 
usually not high enough for defect investigation using transmission electron microscopy 
(TFA-I). Preferential etching technique revealed defects which were usually observed in 
an optical microscope as single etch pits similar to those shown in Pig. 1 at the edges of 
quadrate active areas. However, in some large device elements separated by narrow 
trenches, considerable number of defects could be found. This case is also represented in 
Fig. 1. As it can be seen, these defects tended to localize at the trench comers. 

Based on these observations, corner-intensive structures with a meander isolating 
trench having a width of 0.4 urn were studied. They seemed to be more vulnerable to 
defects and were regarded as an indicator of the defect generation intensity in STI 
processing. 




Fig.l. Optical micrograph of a randomly chosen silicon STI structure, in which 
dislocations were revealed using the technique of preferential etching. 
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Such a device with high dcnsiiy of defect-related etch-pus is shown in 
From ihc analysis under an opiicai microscope, it followed that the defect densitv at 
ihe trench corners was siizniticamlv higher. 





Fig.2. Optical micrograph ofdislocations revealed by preferential etching in 
STI structures with a meander layout of isolating trench. 

Using TEM, these defects were identified as dislocations. It is seen in Fig. 3 that 
at the strait STI segments dislocations form the kind of pile-up configurations in 
which they arc parallel to the trench edges. Fig. 4 clearly shows that these 
dislocations often come out onto the upper surface of device elements when 
approaching the trench corners. 




Fig. 3. TEM micrograph of the STI structure with a meander isolating trench having 
high density of dislocations. 
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fig. 4. TE.YI micrograph of the ST! structure with moderate density of dislocations. 



Therefore. Tl-M observations corrected the results of optical microscopy regarding 
detect distributions. It showed that dislocation density is similar in all regions 
surrounding isolation trenches, though - due to the specific location and orientation of 
dislocations - preferential etching reveals them mostly at the trench comers where they 
come out onto the planar device surface. If dislocations come out of silicon on the 
sidewalls of S'I'l trenches, one may not he able at all to detect them using the technique of 
preferential etching and optical microscopy. For example, single dislocation etch pits 
were often observed in device elements under an optical microscope, although dislocation 
half-loops are supposed to be revealed as pairs of etch pits. 




Fig.5. TEM micrograph of the STI structure with low density of dislocations. 
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Another important result of the TEM study relates to the features of defects when 
their density ,s low. Not strait segments hut suh-micron dislocation half-loops similar to 
ihose shown in Fig. 4 and Hi;. S. were always observed j„ liicsc cases. Apparently ihcv 
vnrrcspmnlcd to :hc initial stages of dislocation -cncraiion. lln; fact dut' these 
dislocations were located .it she sirait dements of imiI.hiiii: trenches savs :h:it trench 
corners do not play any specific role in the dislocation nucleation. Hence. I-dimensional 
Mrcss aiulvsis using the approximation of plane-strain is re!e\ani tor the analssis of 
critical stages responsible for dislocation generation during STI processing. 

The "Stress Intensity" concept 

The analysis of stresses in semiconductor device structures is quite a complex task. 
The stress fields in question are extremely non-uniform having gradients of an order of 1 
OPa/um (6). There are no experimental methods for ineasurirm such stresses with the 
adequate resolution, and most research works have been relying on stress calculations 
l-ortunately. well-established 2-dimensional simulation tools using stress-dependent 
models ol typical device fabrication processes are now available. They compliment the 
study ot stress-induced defects in microscopic device structures providing realistic data 
on stress distributions. As soon as the stress state of a structure is determined." however 
another question rises - what reasonable criteria should be used for linking the stress and 
device structure vulnerability to defects. 

It is known that the dominating glide systems for dislocations in silicon are planes 
1111} with <l 10> directions and that silicon exhibits plastic deformation at temperatures 
above oOOT. However, there is much uncertainty with respect to critical resolved shear 
stress o c of dislocation formation in silicon. The lowest assessment of its value miuht 
correspond to the threshold stresses of dislocation movement. These can be as low as 0 3 
MPa tor the long strait dislocations in a pile-up configuration (7). To form an extended 
dislocation structure, some excessive stresses arc needed. The upper yield stress of silicon 
could be considered as their estimate. Experiments on macroscopic deformation of silicon 
give the values ot an order of 10 MPa for the conventional temperatures of device 
fabrication (8). Yet macroscopic plastic deformation implies the existence of multiple 
dislocation sources that is not the case for dislocation generation in sub-micron areas 
Hence. a c pertinent to conditions of VLSI device processing should be higher S M I In 
gives tor it a value of about 0. 1 GPa subject to the presence of point defects, their clusters 
and other factors (9). The generation of point defects may enhance the formation of 
dislocation nuclei during local oxidation of silicon (10). Nevertheless, LOCOS structures 
can normally endure localized stresses of a few hundred MPa without dislocation 
generation (II). The correlation obtained by P. Smeys et al. on the stress' level and 
leakage currents for the devices with LOCOS isolation, indirectly reveals the interval of 
0. 1 - 1 .0 GPa for a c (12). The specific o c = 0.7 GPa was derived by S. Ikcda et al from 
the analysis of crystalline quality and stress stale modeling for the device structures 
produced using different LOCOS schemes (13). In the present work, two values of the 
critical stress level have been arbitrary chosen - 0.5 GPa and 1.0 GPa. They were treated 
as the lower and upper estimates of a c and used as the criterion for stress-induced defect 
formation in silicon structures with STI. 

Dislocations in LOCOS structures have traditionally been interpreted as the defects 
tormed during oxidation, that is at high temperatures. However, the evidence was 
recently obtained by the authors that even in LOCOS processing, the most intensive 
dislocation generation may occur at the time of temperature decrease when the actual 
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Fig.6 .intrinsic stress in LPCVD TEOS films, as-deposited and densified at different 
conditions, as a function of measurement temperature. 
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LiT" ~J;iresc;iis ■untiLihoii result:, mi 'Stress Intensity" for ax charac:en:;iu: aancs 
ni'SI'l proeessme. fhc ahco:i areas, in which resolved shear stresses, in at leasi one oi 
die -:lidc s\. stems, exceeded 'O <il'a. arc -.haded lightly. Dark shadow shows die areas 
with shear stresses of 1 Gl'a and above. 

The first indication of high stresses in die sequence o|' ST1 processing steps was 
noticed at die <taue of liner oxide growth (Fig 7, b). However, this process is similar to 
[hose cmplovcd in conventional LOCOS technologies and. therefore, defect generation 
:nav iioniiallv be avoided. Moreover, the stress decreases at die next stop when the gap- 
fill oxide is deposited il'ig 7. ci. The later is attributed to the tensile intrinsic stresses in 
the -.zap- Mil oxide, which compensate die stress created by the growing liner oxide. 
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(C) 



'\ I'.i.tOu.le 
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l ; ig.7. Simulated "Stress Intensity" distributions 
in silicon structures at characteristic stages of STI 
processing: (a) Trench etching; (b) Liner oxidation; 
(c) Gap-fill oxide deposition; (d) Gap-fill oxide 
densiftcation; (e) Chemical-mechanical polishing; (0 
Nitride and oxiile strip from active areas; (g) The 
structure processed with gap- ft 11 oxide densifiealion 
in non-oxi dizi ng ambient. 

□ - resolved shear stress > 0.5 GPa; 
- resolved shear stress > 1 .0 GPa; 
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devcopme,,, during U,c subsequent processes of .STi form;,,,,,,, ""carried „... ... the 

dm ; " ,,0 " 1 c >>■ - — <^ ^ cmp ,.m B :. * 

« • » • c M„p iron, ,he active device surface ,1'i, 7. 0. did no, change ,hc s„css 
T b ' ' L " TC • S|) ; , "; i0l, 1 , " S,rt « ".tensity", 'he values of ivhicl, are summarized in 
i * f rcmcl - v 'if - 11 P°"' ls M 'he process controlling ,he onset ofcn,,cal stress 
Mates ol S 1 1 structures. This is gap-fill dielectric annealing. 

^ Tabic I. Simulated values of "Stress Intensity" at o c =0.5 CPa (I,) 
and o c -l .0 GPa (l b ) in silicon structures at characteristic stages of STI processing. 
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Oxidation of a profiled silicon surface, which gives constrains for growing oxide 
expansion ,s often regarded as a major contributor to stress development in the structures 
with trench .solat.on [13. 19j. tn particular, the stress caused by oxidation of trench 
sidewalls was considered to be responsible for dislocation density increase in ST 
s ructures when oxidizing ambient was used for gap-fill oxide annealing |3|. However 
he present analysis showed that there was no significant difference observed in "Stress 
In tensity- between the structures with simulated gap-lill dielectric densific" tion u 

0 ulizing and non-ox.diang atmosphere (Fig 7, g). I, appears, therefore, that ti e 
contribution of the trench sidcwall oxidation to stresses may not be as essential as s 
unpac on the delect nucleation or the stress relaxation in the gap-fill oxide 

to 600»c"\^ ;T,,' CV f' S ° f *' S ' rCSS lmenSi,y " (FiS 7 ' d - B) in ST1 s,ruc,urcs «"«Pond 
to 600 C. that is the lowest temperature at which silicon exhibits plasticity through 

dislocation generat.on The root cause of the stress rise is the mismatch o , S 

reJ S'T" S T a ' CXPa " Si0n ° f SiHc0n and S a P- fi " oxide ' The ~* Mature of he 
revealed stress evolution .n STI structures is that the more thorough relaxation of intrinsic 

h ZZZ '""I g r n ". ° X i dC iS aChieVCd durin * i,S Postposition annealing, t he 
higher stresses are developed afterwards a. lower processing temperatures. During the 
pos.-depos.uon annealing, the stress relaxation in gap-fill oxide occurs concurrently with 
its structure dcns.fica.ion. This presents one of the challenges of STI technology 

1 Sand " < ^^ ,,le , tradC -° rf be,w - n ,hc ^"i'ity of gap-filler (etch rate, volume 
sn.inkage and so on) and silicon structure immunity to stress-induced defects. 
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SIMMARY 



Crystalline uualiiy of silicon -arucmres with shallow trench isolation iSTU has been 
studied. Dislocation etch pits uere observed on the surface of the structures in ;m optical 
microscope after preferential etching. They tended to localize at isolation trench corners. 
Transmission electron microscopy proved that the etch pits corresponded to dislocations. 
At the same time, indications were found that dislocations nucleate at the sidewalks ol 
strait STI segments, not at the comers. This justified using 2-dimensional stress 
simulations in the search for the processes responsible for the development of the critical 
stress states of a dislocation generation onset in STI structures. 

Mechanical properties of L.PCVD TEOS oxide, which was used as gap-fill dielectric 
in STI processing, were determined experimentally. It was found that as-deposited oxide 
films had high tensile stress. It relaxed during the high temperature annealing followed 
the eap-iill oxide deposition. The applied simulation models were calibrated accordingly. 

"from the previously reported data on the conditions of dislocation generation onset 
in the micro-volumes of silicon devices, the criterion was derived for, the assessment ol 
STI structure vulnerability to stress-induced defects. It was described in terms of "Stress 
I utensil v" as the area of a device structure where shear stresses, in at least one of the glide 
svstems of silicon, exceed 0.5 - 1 .0 GPa at temperatures higher then <i00"C. 

The simulation results show that the stress development is mainly controlled by the 
uap-tlll oxide annealing. The "Stress Intensity" risen at this stage is the highest and does 
not change significantly during the subsequent processes. The related stress state of STI 
structures is realized within the temperature interval of 600 - 900°C\ which is unavoidable 
in device fabrication. The better densification of gap-fill oxide is achieved, the more 
vulnerable STI structures become to dislocation generation. On the other hand, gap-fill 
oxide densification improves surface morphology of device structures as it prevents the 
revealing of seams in gap-fill oxide and the recess of STI regions. This presents the 
complicated trade-off between the crystalline quality and surface planarity of STI 
structures. The best solution for stress-related problems of STI may be found in the 
search for the gap-fill materials with controllable level of residual tensile stress, which 
would be stable during high temperature treatments. 
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The presence of COPs on the 64MRAM device isolation region 
causes the current path between neighbor transistors, which called the 
COP induced isolation failure. The probability of the COP induced 
isolation failure depends on the COP size: i.e., larger COP size leads to 
higher probability. In addition, it strongly depends on the process 
condition of the isolation structure such as the nitride film thickness; i.e.. 
thicker nitride film leads to less probability. Furthermore, it depends on 
isolation structure: i.e.. higher probability of the COP induced isolation 
failure follows LOCOS > PSL > SEPOX 

INTRODUCTION 

In sub-micron DRAM devices, the design of material properties fitting die device 
design rale is likely a key engineering activity to achieve a high device yield and 
reliability. A major material property affecting device characteristics is surface crystal 
defects such as COPs, large dislocation, and Oxidation Induced Stacking Fault 
Ring(O.i.S.F.-ring). Particularly, a main surface defect on Czochraiski silicon wafers is 
Crystal Originated Panicles (COPs). COPs arc the square-shape surface pits with {HI}, 
originated from D-defeets, truncated octahedral void, formed during Czochraiski silicon 
single crystal growth [1-lSJ. It has been known that COPs degrade the gate oxide 
integrity [19-29] and produce the device isolation failures [30). In this study, the 
mechanism by which COPs cause the device isolation failure is discussed. In addition, 
the dependency of the isolation structure on the device isolation failures is investigated. 
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Abstract 

We present an investigation of local 
mechanical stress in shallow trench 
isolation (STI) by UV-Raman spectro- 
scopy. UV light penetrates only 15 nm into 
silicon and allows to monitor the stress very 
close to the surface. In this way, local areas 
of high stress, averaged away by longer 
wavelength light used in conventional 
Raman spectroscopy, can be detected. 
Using this UV-method, we show that wet 
densification introduces large compressive 
stress in the trench corners and may lead to 
defect 'creation, especially in small 
trenches. 

1. Introduction 

Raman spectroscopy has proven to be a 
valuable tool to investigate mechanical 
stress in silicon microelectronic device 
structures [1], It is possible to measure 
stress after subsequent process steps and 
thus follow its evolution. The conventional 
way up to now has been to use the 458 nm 
line of an Ar + -ion laser for excitation of the 
Raman signal. The light penetrates up to 
300 nm deep into the silicon, and the stress 
measured is therefore a weighted average 
over this depth. We recently managed to 



perform Raman measurements with UV i_ 
(364 nm) excitation [2]. The major j 
improvement is the greatly reduced ■? 
penetration depth, which is with UV only 
-15 nm, so the stress measured is the true 
stress at the silicon surface. We applied this 
improved method to study the mechanical , 
stress introduced into the silicon by a | 
shallow trench isolation (STI) process. 
First, we will give a short review on stress 
measurements with UV-Raman spectro- 
scopy and demonstrate the improvement of 
UV over visible light excitation. Then we 
follow the evolution of stress through the 
first Tew steps of our STI process up to the 
filling of the trenches by TEOS deposition. 
Different TEOS parameters and their 
influence on the stress will be discussed, * 

2. Experimental 

2.1, UV-Raman spectroscopy 

Figure 1 shows a typical Raman spectrum 
of the Silicon phonon at 521 cm" 1 . The 
spectral frequency (Raman shift) of this 
phonon is influenced by mechanical stress 
and shifts according to the sign and 
magnitude of stress. A negative shift 
indicates tensile stress and a positive shift 
compressive stress. Placing the sample 
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Figure 1 . Raman spectrum of 
unstrained Si with the Si phonon at 
521 cm' 1 . The small lines are plasma 
lines from the Ar + -ion laser. 

under a microscope allows to measure the 
stress locally resolved with almost 
diffraction limited resolution. For 458 nm 
excitation the laser spot on the sample is 
about 0.9 |nm and for 364 nm light 0.7 fim. 
The penetration depth of the light into the 
sample depends on the absorption strength 
for the given wavelength of light. For UV 
light the energy coincides with the direct 
transition in silicon at the T-point. 
Therefore, absorption is very high and the 
penetration depth is reduced to -15 nm as 
compared to -300 nm for blue excitation. 
The stress measured at a certain position on 
the wafer is averaged over the finite laser 
spot size and over the penetration ^depth. 
Reducing the penetration depth to a 
minimum allows to measure stress very 
close to the surface. Thus, we are able to 
pinpoint local areas of stress, which are not 
detected by longer wavelength light, 
because they are averaged away in the 
latter. A demonstration of this is given in 
Figure 2. The traces in the figure were 
obtained by moving the sample under the 
microscope in steps of 0.1 pm and 
recording a Raman spectrum as in Fig, 1 for 
every position. Plotting the shift of the Si 
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Figure 2. Comparison of stress 
patterns obtained with blue (458 nm) 
and UV (364 nm) light. The sample 
structure is shown schematically at 
the top. The stress values labelling 
the right axis were calculated 
assuming uniaxial stress. 

phonon over the position on the wafer leads 
to the graph shown in Fig. 2. The sample 
structure investigated is shown 
schematically on top of the figure. The 
stress values given on the right axis are 
calculated assuming uniaxial stress [1]. The 
details of the stress patterns will be 
discussed in the later sections. 

2.2* Sample preparation 

The isolation mask is prepared by 
depositing a 200 nm LPCVD nitride film on 
a 20 nm-thick pad oxide. After 
photolithographic definition of the active 
area, the nitride /oxide stack is etched and 
380nm deep trenches are subsequently 
etched into the silicon substrate. After 
cleaning, a 20 nm thick sidewali oxidation 
is performed at 1050°C. Next, a flowable 
oxide (a hydrogen silsesquioxane spin 
on dielectric, HSQ) is deposited by spin 
coating and is cured at 850*C in oxygen. 
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This provides enough sloping of the trench 
profiles to allow a void-free bulk fill with 
LPCVD TEOS. Finally, a 550 nm thick 
LPCVD TEOS capping is deposited and 
densified at 850°C in steam ambient or at 
1050°C in dry oxygen. 

3. Stress in STI 

STI is the key isolation technology for 
sub-micron CMOS devices. As device 
dimensions keep decreasing, the gap-fill 
process and the thermal cycles become 
more critical. The main concern of as- 
deposited gap-fill materials, is their high 
etch rate in HF solutions as compared to 
thermal oxide. Densification, especially 
when using steam ambient, improves the 
etch rates. Stress on the underlying silicon, 
coming from the gap-fill material as 
deposited or appearing as a result of its 
densification, may lead to defect creation. 

In this section we will show the evolution 
of mechanical stress in arrays of trenches 
with different width and spacing. Figure 3 
shows the stress measured after re- 
oxidation of the trench walls. The line array 
consists of groups of 10 lines each with 
variable width and spacing. The rightmost 



group has a width and spacing of 3.0 |am. 
Going to the left, the dimensions are 2.0, 
1.0, 0.9, 0.8, 0.7, 0.6, 0.5, 0.45, 0.4 and 0.35 
fjm. The groups are separated by 5 Mm wide 
trenches. These dimensions also apply to 
Figures 4 and 5. 

It is obvious that the trench dimension 
has a large impact on the stress levels. 
Within the 3.0 \xm line group, the maximum 
compressive stress is in the line under the 
nitride. This behaviour has been 
investigated in detail in previous 
publications [3]. As the lines become 
narrower, the stress under the nitride 
increases up to the 1.0 pm group. From 
then on the stress decreases again, until it 
even becomes negative (tensile) below 
0.5 fim. The increase and decrease of stress 
can be understood by mechanical 
considerations in combination with the 
averaging due to the finite laser spot [4]. 
The influence of different densification 
parameters can be seen in Figures 4* and 5. 
Comparing e.g. the 3.0 pm line group in 
Figs. 3 and 4, a new area of high 
compressive stress can be seen besides each 
line in Fig. 4. One of those 3 pm wide lines 
of Fig. 4 is shown in more detail in Fig. 2. 
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Figure 3. Mechanical stress in line arrays after trench etch and re-oxidation of 
the sidewalls. 
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Figure 4. Mechanical stress in line arrays after TEOS and wet densification. 
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Figure 5. Mechanical stress in line arrays after TEOS and dry densification. 



This additional stress component is not 
present when using dry densification, as can 
be seen in Fig. 5. Whereas in Fig. 5 the 
stress under the nitride decreases from the 
1.0 pm line on, in Fig. 4 the stress is mostly 
determined by the additional compressive 
stress from the wet densificatior^. We thus 
proved experimentally that wet densifi- 
cation results in a severe stress increase 
which may lead to defect formation in the 
trench corners, especially in small trenches. 

4. Conclusion 

We have shown that mechanical stress in 
STI depends strongly on the densification 
mechanism. UV-Raman is a powerful tool 
to follow the evolution of stress after 
different processing steps. The usage of UV 



light for excitation reduces the penetration 
depth in silicon to 15 nm. Therefore, only 
the true surface stress is measured. We 
believe that this method will play an 
increasing role in the determination of 
suitable process parameters to minimise 
mechanical stress and the potential for 
defect formation. 
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ABSTRACT 

A novel Full CMOS SRAM cell had been 
developed for low power applications. The cell size 
is 5.038u nrwith 0.2u m design rule. Extremely 
low standby current was achieved by adopting the 
continuous active patterns in the cell layout to 
reduce STI induced leakage current by minimizing 
the STI induced stress compared to conventional 
isolated active cell. Also, the feasibility of CVD 
Ti/TiN barrier metal for filling the deep small 
contacts had been proven for the first time. 8M 
bits low power slow SRAM was developed 
sucessfully using this technology. 

INTRODUCTION 

According to rapid development of hand held 
machines, the demands of super low standby 
current and higher packing density are 
simultaneously growing. In order to satisfy 
increasing packing density the minimum feature size 
of isolation is greatly reduced by adopting a STI ( 
Shallow Trench Isolation) Technology. However , 
the STI is known to generate higher mechanical 
stress, which causes defects, such as 
dislocation[l-3]. These defects become major 
sources of leakage current. Therefore, minimizing 
trench-induced stress is a key challenge to achieve 
a super low standby current SRAM. The magnitude 
of the stress depends on not only 1C processes 
but also active pattern shapes. Therefore, in this 
study, SRAM cells with two different active layouts 
were compared to investigate the relationship 
between the leakage current and the active pattern 
of the cell. In addition to the STI, a barrier metal 
filling technology of small contact holes, which are 
less than 0.2u m, is another critical issue to solve 
the requirements of low contact resistance and low 
contacted junction leakage current in low power 
SRAM products. CVD Ti/TiN barrier metals was 
implemented 

PROCESS INTEGRATION 

The layouts of the CA( Continuous Active ) 
SRAM cell and conventional IA( Isolated Active ) 
cell are shown in Fig. 1 Also, the top view SEM 
photographs of both cell types are shown in Fig.2. 
The CA cell size is 5.038u nr( 1.88u m X 2.68u 



m ), when 0.2u m design rule is used. The 
conventional IA cell has almost the same size, 5.09 
u m : ( 2.14p m X 2.38u m ). Exactly same 
process technology was used for both cells. Fig 3 
shows the cross-sectional SEM picture of the CA 
cell. 8M bits slow SRAM was fabricated. 0.35u m 
depth shallow trench isolation and retrograde twin 
well were used for 0.32u m space N+/N+ and 
P+/P+ , 0.48u m space N+/P+ isolations. The 
trench was filled with 03-TEOS and then was 
planarized with CMP. 5nm nitrided oxide was 
grown as gate oxide. WSix/poly-Si polycide were 
used as gate materials. The minimum size of the 
gate length was 0.22u m. In order to connect the 
cell transistors to each other in a cross coupled 
way , to bit lines and to power lines, the contact 
hole, whose bottom size was 0.2u m, was formed 
after the ILD layer was deposited and planarized. 
Its aspect ratio was about 4. This very small and 
high aspect ratio contact hole was filled with TU 
TuN barrier metal using CVD method. W 
damascene process was used to form the local 
interconnections, Vss and Vcc in the cell. Al metal 
layer was used for bit lines 

STI INDUCED LEAKAGE CURRENT 

The key feature of the CA cell layout is 
perfectly lined and connected N+ active regions 
compared to the IA cell. Therefore, the major 
difference between the both cells is the connectivity 
of N+ active regions. In the IA cell the N+ 
active region is closed by itself in every cell. This 
makes an isolated big field area inside of the 
closed N+ active. The trench induced stress is 
sensitive to geometry because the thermal expansion 
differences, which is generated during high 
temperature annealing, will be accommodated 
differently according to the geometric shape of the 
trenches and Si active. The close looped active 
might receive stress from all directions . The big 
inside field may give more stress to the closed 
active. The higher stress will induce more junction 
diode leakage current in the IA cell. The junction 
diode leakage current was measured from both cell 
types and shown in Fig. 4. As expected, the CA 
cell has less leakage current These results were 
confirmed again from the measured standby currents 
per cell from the test vehicle devices , which are 
shown in Fig. 5. 
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CVD Ti/TiN BARRIER METAL 

As the size of contact hole on non-salicide Si 
active decreases below 0.2u m, it becomes difficult 
to deposit the barrier metal into the high aspect 
ratio contact holes using the conventional PVD 
method. Therefore, here, the CVD method was tried 
and successfully implemented. The contact 
resistance was compared with that of the PVD 
Ti/TiN in Fig.6. The resistance of CVD is much 
lower and uniform. Also, the typical characteristics 
of the contacted junction diode leakage current is 
shown in Fig.7. The leakage current of CVD 
Ti/TiN is comparable with that of PVD Ti/TiN. 
The standby current portion between both methods 
in 8M bits slow SRAM was compared in Fig.8. 

ELECTRICAL CHARACTERISTICS 

The Typical transistor Vg-Id characteristic curve 
is shown in Fig. 9 and DC measurement results are 
summarized in Table 1. The cell was operated 
stably down to 0.5V as shown in Fig. 10. The 
standby current of 8M slow SRAM was measured 
less than 0.4p A at Vcc=2.0V. 

CONCLUSION AND SUMMARY 




Fig. 2 Top view SEM photographs after gate poly 
patterning (a) lAcell, (b)CAcell 




Fig. 3 Cross-sectional SEM photograph of the CA eel 



The CA( Continuous Active ) Full CMOS SRAM 
cell had showed that leakage current can be 
reduced dramatically by minimizing the STI 
induced stress with perfectly lined and connected 
active pattern. Also, the feasibility of CVD Ti/TiN 
barrier metal for future devices with deep small 
contacts had been proven for the first time 8M bits 
low power slow SRAM was developed sucessfully 
using this technology. 
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Fig. 5 Standby current measured at Vdd=2V from 8M 
bits SRAM 
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Table. 1 Device Parameter Summary 



Device Parameters 


NU0S 


PU0S 


Tox (nm) 


5 


5 


Left (/*•) 


0.12 


0.20 


Vth (V) 


0.75 


-0.75 


Idsat (M/^n) 
@Vds=Vgs=2V 


200 


-140 


Idoff (Ajm) @Vds=2V 


S 10 fA 


S 10 fA 


S (mV/decade) 


85 


80 


BV (V) @ t leakage=1** 


28 


2 8 
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Anomalous Junction Leakage Current Induced 
by STI Dislocations and Its Impact on 
Dynamic Random Access Memory Devices 
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Abstract — As the density of dynamic random access memory 
(DRAM) increases up to giga-bit regime, one of the important 
problems is the control of the process-induced defects and dam- 
age. Although the shallow trench isolation (STI) is widely used for 
deep submicron devices, it has a great possibility of generating 
STI dislocations due to its inherently large mechanical stress and 
damage. When STI dislocations are located within the depletion 
region of pn junction, anomalous junction leakage current could 
flow. This junction leakage current degrades the memory cell 
data retention time and the standby current of DRAM. We 
resolved the problems from STI dislocations as follows; the crystal 
defects and the mechanical stress were reduced by optimizing 
the implantation condition and the densification temperature 
of trench filled high-density plasma (HDP) oxide, respectively. 
In addition, the residual mechanical stress before source/drain 
implantation was relieved through rapid thermal nitridation 
(RTN). By using these methods, STI dislocations were successfully 
clamped outside the depletion region of pn junction. 

Index Terms — Data retention time, dislocations, dynamic ran- 
dom access memory (DRAM), junction leakage current, shallow 
trench isolation (STI). 



I. Introduction 

DYNAMIC random access memory (DRAM) devices have 
been developed in pursuit of the high-memory density 
capability and the reliable performance with the continuous 
shrinkage of the minimum feature size. As the memory density 
increases up to giga-bit regime, several challenges should be 
encountered and controlled very carefully: the increase of 
standby current due to a large chip size and the decrease 
of memory cell data retention time due to a small memory 
cell capacitor area [1]. In subquarter micron technology, 
shallow trench isolation (STI) has been the most predominant 
isolation method for many reasons that the abrupt transition 
of active/field region, the good planar surface, the reduced 
junction capacitance and the improved data sensing margin 
[3], [4]. Inherently large mechanical stress and damage in 
STI, nevertheless, combined with the subsequent process- 
induced stress and defects, would generate STI dislocations. 
In recent studies, abnormally large leakage current through 
junction and/or transistor was attributed to the presence of STI 
dislocations within the junction depletion region. Ikeda et al. 
[6] showed that the mechanical stress from device structure 
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and source/drain annealing could generate dislocations even 
though LOCOS isolation method was adopted. They proposed 
the two step annealing for both the activation of source/drain 
dopant and the minimization of the mechanical stress. Ishimaru 
et al. [7] and Park et al. [8] proposed the technology of 
diminishing the residual stress in STI through the high- 
temperature densification and the optimized combination of 
trench filling TEOS-O3 oxide, respectively. Damiano et aL [9] 
showed that the crystal defects from source/drain implantation 
would generate STI dislocations during the following high- 
temperature thermal annealing and the reduced mechanical 
stress alone could not thoroughly eliminate the STI dislo- 
cations. By applying an additional oxidation process after 
source/drain implantation, they could obtain the dislocations- 
free STL In our experiment, however, the short-channel effect 
of PMOS transistor was significantly aggravated due to the 
oxidation enhanced boron diffusion. 

In this paper, the behavior of STI dislocations and the effect 
on the pn junction characteristics during the fabrication of an 
experimental 16-Mb DRAM with the minimum feature size 
of 0.15 /.Am will be described in Section II. In Section III, the 
memory cell data retention time imposed by the anomalous 
junction leakage current and the technology of clamping 
STI dislocations outside the depletion region of pn junction 
without the degradation of device performance through the 
rapid thermal nitridation (RTN) instead of the gate reoxidation 
and the careful control of mechanical stress in STI and 
process-induced defects are discussed. Finally, conclusions are 
followed in Section IV. 

II. Behavior of STI Dislocations 

There are several factors to generate STI dislocations; crys- 
tal defects, mechanical stress and thermal annealing. During 
the fabrication of DRAM devices, they are reacted with 
other in a complex manner. Therefore, it is very helpful 
to investigate each factor and its role of generating STI 
dislocations. Crystal defects are primarily resulted from ion 
implantation. Although ion implantation has been indispens- 
able by virtue of the precise control of doping concentration 
and profile, it induces crystal defects and needs thermal 
annealing for dopant activation. Several ion implantation steps 
are essentially adopted for fabricating DRAM devices; well, 
punchthrough stop, threshold voltage adjust, source/drain, and 
contact hole formation. Among these steps, source/drain and 
contact hole implantation mainly provide the seeds of STI 
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dislocations because low dose (<lx 10 14 cm" 2 ) implantation 
induces a little crystal defects regardless of the dopant species 
[101. In DRAM fabrication, a few thermal annealing (or 
oxidation) steps are necessitated for the interlayer dielectric 
densification and the capacitor formation. During the thermal 
annealing, crystal defects from ion implantation generate STI 
dislocation, which moves along the mechanical stress in STI 
and interacts with others to evolve a larger dislocation [11]. 

An experimental 16-Mb DRAM with the capacitor-over- 
bit line (COB) structure was manufactured using 0.15-/im 
technology node and the fabrication sequence was reported 
in our previous study [2]. Fig. 1 shows (a) the layout of a 
sense amplifier (S/A) region and the plan-view SEM images 
of a S/A region after strip off and wright etching (b) before 
and (c) after capacitor formation, respectively. Because most 
of the thermal annealing after source/drain implantation is 
accomplished during the capacitor formation, STI dislocations 
were investigated before and after capacitor formation. In order 
to observe the STI dislocations, the samples were etched using 
diluted HF solution and immersed in wright solution. Most 
of STI dislocations, confined inside the contact hole before 
the capacitor formation [Fig. 1(b)], have moved toward the 
STI corner and the STI boundary beneath the gate after heat 
treatment of Ta 2 0 5 capacitor dielectric materials [Fig. 1(c)]. 
The driving force and direction of STI dislocations were 
generated by the thermal energy during capacitor formation 
and the mechanical stress in STI, respectively. Fig. 2 shows 
the stress simulation result of STI using TSUPREM. The 
maximum stress exists at the trench corner, which is coincident 
with previous studies [15], [16]. 

Fig. 3(a) shows the cross-sectional TEM image of STI 
dislocations. As long as STI dislocations are located outside 
the depletion region of junction, they could not have any 
detrimental effect on the pn junction characteristics. When 
STI dislocations penetrated the depletion region, however, they 
acts as the recombination/generation center between the band 
gap and the abnormally large leakage current of reverse-biased 
junction could flows through them [12]. Fig. 3(b) shows the 
reverse-biased leakage current of p + n junction in an actual 
sense amplifier (S/A) before (filled triangle) and after (filled 
circle) capacitor formation. Even though a small reverse bias 
(<3.0 V) is applied, anomalously large junction leakage current 
flows especially for the case of after the capacitor formation. 
This result implies that the thermal annealing for capacitor 
formation collects the crystal defects and makes them grow 
vertically enough to penetrate the depletion region. 

III. Impact of STI Dislocations on DRAM Performance 

The memory cell data retention time can be decreased by the 
large leakage current through cell transistor and storage node 
junction. In order to suppress the sub-threshold leakage current 
of cell transistor, the threshold voltage is usually adjusted 
around 1.0 V regardless of the DRAM density. Therefore, 
the substrate doping concentration should be increased with 
the shrinkage of the minimum feature size. Because of the 
increased substrate doping concentration, junction leakage 
current should be carefully controlled especially for the high- 




Fig. 1 . (a) Layout of a sense amplifer (S/A) region and the plan-view SEM 
images of a S/A region after strip off and wright etching (b) before and (c) 
after capacitor formation, respectively. 

density DRAM [3]. The effect of junction leakage current on 
the memory cell data retention time can be evaluated as below. 

When the cell storage capacitor has a high data (Vfcc) and 
the bit lines are precharged with 0.5 Vcc, the total charge 
(Qt,i) becomes 

Qt./ = Cs x (V cc - AVjr,) 4- C B l x \ V C c (D 
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B.+0 0.68 
Distance (nicrons) 



Fig. 2. Stress simulation result of ST1 using TSUPRJEM. The maximum 
stress exists at the trench corner. 



where Cs and Cbl are the cell storage capacitance and 
the parasitic bit-line capacitance, respectively. Vqq is the 
operation voltage and AVz, is the data loss at the storage node 
due to the leakage current through junction, transistor, and 
capacitor. 

When the memory cell is selected, the data stored in the cell 
storage capacitor is transferred to bit-line and the total charge 
(Qt,f) becomes 

Qt : f = (Cs + Cbl) x ^bl- (2) 

According to the charge conservation law, the total charge 
before charge transfer (Qt,i) should be equal, to that after 
charge transfer (Qr. r)- Therefore, we can obtain the bit line 
voltage (Vbl) as follows: 

Cs — x (Vcc - AV £ ) + „ Cbl „ x f V cc - 

(3) 



V BL = 



Cs + C*BL 



Since the complementary bit line is precharged with 0.5 Vcc* 
the differential voltage between two bit line (AVbl) becomes 

C s 



AVbl = V Bh 



Vbl C s + C E 



x (| Vfcc- AVi). (4) 



'S -r- Obl 

The data loss at storage node can be defined as 
C s x AVI 



Tret 



= ^LEAK 



(5) 



where Tret is the memory cell data retention time and /leak 
is the total leakage current at the storage node. Using (4) and 
(5), the relationship of the memory cell data retention time and 
the leakage current at storage node can be obtained as follows: 

C s x | Vbc- AVbl x (Cs + Cbl) 




Before Capacitor Formation 



Tret — 



/leak 



(6) 



-1 -2 -3 -4 -5 

Reverse Bias Voltage, Vj (V) 

(b) 

Fig. 3. (a) Cross-sectional TEM image of STI dislocations and (b) the 
reverse-biased leakage current before (filled triangle) and after (filled circle) 
capacitor formation measuring p + n junction in an actual sense amplifier (S/A). 

Fig. 4 shows the memory cell data retention time versus the 
leakage current at storage node with the operation voltage as 
a parameter. The cell storage capacitance (Cs)* the parasitic 
bit line capacitance (Cql), and the bit line sensing voltage 
(AVbl) are assumed to be 25 fF, 130 fF, and 80 mV, 
respectively. When the leakage current at storage node is 
higher than 5 x 10" 13 A/cell, the memory cell data retention 
time is considerably decreased for low voltage operation. Be- 
cause the data retention time of DRAM devices is determined 
by weak memory cells, the refresh characteristics could be 
significantly aggravated by memory cells which suffer from 
the anomalously large junction leakage current induced by 
STI dislocations. 

In order to eliminate STI dislocations, many efforts were 
concentrated on minimizing the mechanical stress in STI 
and the crystal defects from ion implantation. According to 
Ishimaru et aL [7], the densification of TEOS-O3 oxide at 
high temperature (1200 °C) minimizes the oxide etch-rate 
in HF solution and the residual stress in STI at the same 
time, but this may induce other problems such as wafer 
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Fig. 4. Memory cell data retention time versus the leakage current at storage 
node with the operation voltage as a parameter. 



a 
o 



> 



100 



80 



60 



40 



E 
= 



20 



■ '"""I " I ' "" l u l 

TEOS-O, Oxide 



o 

10- 



10- 5 




1150 °C 
Densification 



000 °c 
Densificatioh 



10 1 



10° 



10 1 



Charge to Breakdown Density, Q BD (C/cm ) 
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Fig. 6. (a) Normalized density of STI dislocations and (b) the wafer warpage 
for various densification temperatures of trench filling high-density plasma 
(HDP) oxide. 



warpage and gate oxide degradation. Fig. 5 shows the result of 
charge-to-breakdown density (Qbd) measurement for different 
densification temperature of TEOS-O3 oxide using STI edge 
intensive test pattern. The gate oxide reliability was severely 
degraded for the high-temperature densification of TEOS-O3 
oxide. This result indicates that the gate oxide at the STI 
edge was degraded due to the stress, which was induced 
from the large volume shrinkage of TEOS-O3 oxide at high- 
temperature densification. High-density plasma (HDP) oxide 
has advantages of the superior step coverage and the low etch- 
rate in HF solution even though the densification is applied at 
relatively low temperature [5], In our experiment, the trench 
was filled with HDP oxide, followed by densification at the 



temperature ranging from 700 to 1000 °C Fig. 6 shows the 
normalized density of STI dislocations and the wafer warpage 
for various densification temperatures of HDP oxide. The less 
STI dislocations were observed as the lower densification 
temperature was applied by virtue of the reduced mechanical 
stress [14]. 

It has been known that the crystal defects are strongly 
dependent on the implantation conditions (e.g., dopant species 
and dose) [10]. The different doses of arsenic and phosphorus 
were investigated for n 4 " contact hole implantation. Fig. 7 
shows the normalized density of STI dislocations for different 
implantation conditions. STI dislocations are decreased about 
h by implanting arsenic (2 x 10 15 cm" 2 ) compared to 
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Fig. 8. Threshold voltage (V*th) roll-off characteristics of buried channel 
PMOS. When the rapid thermal oxidation (RTO) was additionally adopted 
after source/drain implantation (filled circle), the short-channel effect of buried 
channel PMOS is significantly aggravated below 0.35 //m channel length due 
to the oxidation-enhanced boron diffusion. 

phosphorus (5 x 10 15 cm -2 ). This result implies that the 
implantation of relatively higher dose and lighter ion produces 
more crystal defects which generate STI dislocations. 

For the purpose of reducing the overall crystal defects 
before capacitor formation, it is necessary to cure the crystal 
defects from source/drain implantation. The rapid thermal 
oxidation (RTO) was additionally applied after source/drain 
implantation. STI dislocations were fully eliminated by the 
gettering effect of oxidation and no degradation of the junc- 
tion characteristics was observed. However, the short-channel 
effect of buried channel PMOS was severely aggravated 




(b) 



Fig. 9. (a) Cross-sectional TEM and (b) the plan-view SEM images of STI 
dislocations when rapid thermal nitridation (RTN) was performed instead of 
gate re oxidation. 



below 0.35 fim channel length due to the oxidation-enhanced 
boron diffusion, as depicted in Fig. 8. This result implies that 
the doping profiles of channel and source/drain of buried 
channel PMOS were indispensably redistributed during the 
additional RTO. In previous report [13], the activation energy 
of eliminating STI dislocations (5.0 eV) is larger than that of 
boron diffusion (3.46 eV). For high-density DRAM devices, 
therefore, it is not adequate to apply the heat treatment 
additionally after source/drain implantation for eliminating STI 
dislocations without the redistribution of boron. 

As long as STI dislocations are located outside the depletion 
region, they could not have any detrimental effect on the 
pn junction characteristics. Therefore, STI dislocations are 
tried to be pinned at their generation site by relieving the 
cumulated mechanical stress before reacting with the crystal 
defects from source/drain implantation. The mechanical stress 
is induced during the gate formation; gate oxidation, gate 
poly doping (POCI3), and so on. In order to relieve the 
cumulated mechanical stress before source/drain implantation, 
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Reverse Bias Voltage, Vj (V) 

Fig. 10. Reverse-biased leakage current before (filled triangle), after (filled 
circle) capacitor formation and rapid thermal nitridation (RTN) was applied 
(open circle) measuring p + -n junction in an actual sense amplifier (S/A). 

the rapid thermal nitridation (RTN) was performed instead of 
gate reoxidation. Fig. 9 shows (a) the cross-sectional TEM 
and (b) the plan-view SEM images of STI dislocations when 
RTN was applied. As depicted in Fig. 9(a), STI dislocations 
were located at the 0.075 /zm depth. Fig. 9(b) shows that 
STI dislocations were eliminated at the Si surface. Since the 
junction depth of our device is about 0.12 /j,m, these results 
implies that STI dislocations were successfully pinned inside 
of the source/drain region. Fig. 10 shows the effect of gatev 
reoxidation and RTN on the reverse-biased junction leakage 
current. When RTN was applied instead of gate reoxidation 
(open circle), good junction characteristics could be obtained. 
This result also indicates that STI dislocations could not 
penetrate the depletion region of pn junction. In order to 
investigate the gate oxide integrity, charge-to-breakdown den- 
sity (Qbd) and time-dependent-dielectric-breakdown (TDDB) 
were measured using the gate edge intensive test pattern, as 
depicted in Fig. 11. Although Q B d was slightly lowered due 
to the relatively thinner gate oxide at the gate edge, the result 
of TDDB measurement indicates that the gate oxide could 
operate without suffering breakdown over ten years. 

IV. CONCLUSIONS 

When the crystal defects and the mechanical stress are 
combined under thermal annealing, STI dislocations are gen- 
erated. An anomalous junction leakage current induced by STI 
dislocations considerably degrades the refresh characteristics 
and the standby current of DRAM device. STI dislocations 
are successfully clamped outside the depletion region of pn 
junction by judicious control of process-induced defects and 
mechanical stress. In this work, we have acquired the highly 
reliable performance of an experimental 16-Mb DRAM with 
the minimum feature size of 0.15 /mi, and this technology can 
be fairly extensible to the future high-density DRAM devices. 
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Fig. 11. Results of (a) charge to breakdown density (Qbd) and (b) time 
dependent dielectric breakdown (TDDB) measurement using the gate edge 
intensive test pattern. 
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Sub-0.18 um STI 
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The applications lab of 



SVG Thermal Systems 



[(formerly Watkins-Johnson 




[Semiconductor Equipment 
|Group) shows how linear- 
injected atmospheric- 
pressure CVD TEOS:0 3 
fcan extend to shallow 
trench fill at 0.10 pm. 

■rench isolation is now 
commonly used for most sub- 
0.35um products. Leading-edge 
isolation trenches on the order 
of -0.1 5-0. 18 urn wide are 
currendy used in production. 
Development evaluations targeting 0.13 
jim and lower design rules are taking 
place now with structure widths to less 
than 0.10 urn. This reduction in trench 
width challenges the ability of the fill 
oxide process to meet the increasingly 
demanding technology node 
requirements, including void-free fill, 
f uniform oxide characteristics across 200 
|and 300 mm substrates, at a reasonable 
•cost of ownership (COO). 

One technique that is meeting these 
challenges is the Linear Injected 
APCVD TEOS:0 3 process. This article 
focuses on the success of the APCVD 
TEOS:Ozone Linear Injector in 
meeting the technology requirements 
for sub-0.18 um shallow trench 
isolation. Extension to the 0.10 um 
generation, shallow trench fill capability, 
film character istics, scaling to 300 mm, 
and comparisons to other trench fill 
processes are also presented. 

LINEAR INJECTOR DEPOSITION 
Published studies of TEOS:Ozone 
reactions in the formation of Si0 2 
deposition at or near atmospheric 
pressure indicate that intermediate 
species are formed in the gas phase. 
These intermediates first initiate then 
complete the Si0 2 film growth on the 
wafer surface [1-10]. 

The gas-phase reactions also form 
parasitic species that can reduce 
deposition rate and chemical efficiency. 
| They can also contribute to excessive 
£ formation of solids in the gas stream, 
leading to particles on or near the wafer 
surface. Shareef et al has reported that 



showcrhead-type reactors in particular 



Linear injector. 




TEOS 

Separator 
(if required) 

Oxidiser 
H,0 Cooling 



Reaction by-products are quickly 
and uniformly removed. 




exhibit severe reduction in deposition 
rate as well as an increase in chamber 
powder formation occurring at 
deposition temperatures above 450 U C 
[11]. This may be due to accelerated 
formation of parasitic species, since the 
gases are injected in a pre-mixed state 
and reach high temperatures well before 
reaching the wafer surface. 

Higher-quality films have been 
reported to be produced at higher 
deposition temperatures [12], Our tests 
confirm this for the regime from 400- 
500°C [6]. Higher deposition 
temperatures produce superior film 
quality, lower surface sensitivity and better 
gap fill. Therefore, the optimum reactor 
for depositing TEOS: Ozone would be 
one chat simultaneously controls the gas- 



phase re ac dons to minimise parasitic 
species while allowing higher deposition 
temperatures to be used. 

An injection design which precisely 
controls the gas-phase reactions at high 
deposition temperatures is the Linear 
Injector (Figure 1). Reactant (TEOS) 
and oxidisers (0 2 /Ozone) are injected in 
separate laminar curtains at high 
velocities from a water-cooled injector. 
These streams diffuse together as they 
flow to the wafer. The amount of 
mixing in the gas phase is controlled by 
die flow rates of the respective injected 
gases, which determine the stream 
velocities. The exhaust slot is near and 
parallel to the input curtain so the 
reaction by-products are quickly and 
uniformly removed (Figure 2). The bi- 
lateral and symmetrical exhaust path 
equally split the gas streams into two 
symmetrical deposition zones, each 
about 50 mm in width. The wafer is 
transported under the fixed gas stream so 
each area of the wafer receives the exact 
same gas mixture. 

This control of the input gas mixture 
and temperature, and by-product 
removal provides a precisely controlled 
reaction process at the desired high 
deposition temperature. 

At 500°C, high deposition rate films 
(well over 3000A/min) with high film 
qualities (etch rate < 1 .2x thermal oxide) 
and low particulate density (<six 
particles/wafer@0.20urn size) can be 
deposited with excellent gap fill. (These 
specifics will reported in a subsequent 
section.) 

This linear design has been 
successfully scaled to larger size substrates 
such as 200 mm, 300 mm and even 
400 mm. The injector length increases 
to accommodate the larger substrate, and 
advantageously the gas mixing and 
residence path do not change. This is a 
distinct advantage over pre- mix radial 
showerhead-type gas injection systems. >- 



Design^Fcatoe^^ Injector 

bepositio^jton^^ radial, dependa^if^§^/ij; 

^scaling t6/3p0 nmt^l^p^orie L J ' 



Gas port to , -., : ' ■ : Equal distance across wafers, - : 
exhaust rektioriship US-:' consistent bhemi<ial' residence 
Valve cycling over wafer? None "" '" ' . ' * ; 
Chemical mixing type Separated chemical delivery/ . . 

. . . ' higher chemical efficiency 



orr'wafef sizei' centre 11 to ^dge: 
'.. . 150 rnm wafer - 75 trim 
•200 mm wafer - 1 00 mm . -' * 
300 mm wafer - 150 mm 
Varies from centre to edge, 
• /. inconsistent chemical residence ^ \ 
Yes, can cause transients on product 
Pie-mix chemical, 
lower chemical efficiency 
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0.22 pm, 3:X aspect 
ratio fill at 2470A/min. 
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Deposition 




0-22 um, 3:| aspect 
ratio fill at 3470A/min. 




Wet etch rate as a function of the 
deposition rate, dense temperature and 

time. Wet etch rate is controlled by 
the dense conditions, not the deposition 
rate of the film. 



2750 3260 
Deposition Rata, A/mJn. 



Stress as a function of the 
deposition rate, dense temperature, and 
time. Final film stress can be precisely 
controlled by the dense conditions. This can 
ease concern over design changes that may 
require a change in the film stress level. 



hen these systems scale from 200 mm 
fib 300 mm the residence path of the 
rcentrally delivered gas species increases 
|by 50%. This is a common issue with . 
fplasma-based reactors, parallel-plate and 
|HDP type, in which plasma density and 
ras* distribution variations can direcdy 
jpnpact the ability to deliver uniform 
Ifilm qualities, charge levels, and gap fill 
pcrbss these larger substrates. Table 1 
fsummarises the design principles for 
fboth Linear Injection and showerhead- 
Rype injection. 

Io.15-0.10^iii 

ifhallow trjench isolation 
Ifilm requirements 

|The continued reduction of the critical 
idimensions on sub-0.18 um technology 
I increases demands on the isolation 
^trench oxide film characteristics. Critical 
^parameters include trench gap-fill 
^'capability, uniform gap fill across the 
ijwafer, film thickness uniformity, lower 
defect densities, lower metal content, 
and all measured with smaller edge 
exclusions (Table 2). All of these 
requirements must be met 
simultaneously, and with acceptable 
CoO. This is quite challenging to both 
^equipment and process designers and to 
f those development engineers that must 
devaluate the various deposition options. 
$ Another important consideration is the 
I breadth of the process window for the 
? isolation trench fill. Natural and atypical 
^variances do occur in the control systems 
Wof the various reactors and processes 
f under consideration. Minimising the 
| number of critical control systems and 
^operating with a wide process window 
pthat can accommodate natural variances 
i|in these systems enhances the reliability 
if of the process. In particular, gap fill, film 
stress, and film shrinkage must be 
rriinimally effected when control systems 
vary within their design tolerances. 



ROBUST PROCESSING WITH 
LINEAR INJECTION 
• Gap-ftll capability at high deposition rate 
The first and foremost critical 
requirement for the oxide fill process is 
to achieve complete void-free fill into 
the aggressive structures of the 
sub- 0.18 urn technologies. Additionally 
the ability to combine the complete gap 
fill with a robust high-deposition-rate, 
low-cost process is highly desirable. 
Figures 3 and 4 show complete gap fill 
and uniform planarisation post-CMP. 
These are 0.22 um wide, 3:1 aspect 
ratio structures. Figure 3 was deposited 
at 2470A/min; Figure 4 at 3740A/min, 
an increase of 50%. This is a significant 
deposition rate increase and the process 
still provides excellent gap fill, as 
shown. 

• Etch rate, stress, shrinkage, gap fill, 
thicktiess uniformity at high deposition rates 

• Etch rate 

Concern over degradation of other 
critical film properties such as etch rate 
and stress as an effect of the high- 
deposition-rate film are addressed in 
Figures 5-7. 

Figure 5 shows that the deposition 
rate has very little effect over wet etch 
rateYario (30:1 BOE), even when 
deposition rate is increased by over 
50%. Clearly densification temperature 
and time control the wet etch rate ratio 
independendy of the deposition rate. 
The etch rate shows very well organised 
behaviour, with films densified at 
1100°C showing the same etch rate as 
thermal oxide (1:1 etch rate ratio). 

• Film stress 

Film stress also shows the same 
relationship as wet etch rate ratio, the 
dense condition controls the stress 
independently of the deposition rate 
(see Figure 6). 

Stress is also shown to vary slighdy, 
depending on the specific deposition 



I 250 

| 200 
| 150 
| 100 



27 SO 32&0 
Deposition Rate. A/mln. 



Post-dense stress versus chemical 
flow, ozone concentration, and deposition 
temperature. 




Chemical teem, ozone g/m* t dep. temp. 



Film shrinkage versus chemical flow, 
ozone concentration and deposition 
temperature. 
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Deposition 



Film shrinkage versus chemical flow, 
ozone concentration and deposition 
temperature. 




J21JD- 17 \a> J»l» *»1M> 
WO KB S00 300 

Chemical, 



fc/m\ dapw tamp, C. 



conditions. Figure 7 details the effect of 
varying the chemical flow, ozone 
concentration and deposition 
temperature. This data is post- 
densification at 1000°C for 15 minutes 
in nitrogen. The general trends show 
that higher-temperature, higher-ozone, 
and lower-chemical- flow films exhibit 
higher compressive stress post-dense. 
The specific densification system 
ambient gas may not be 100% nitrogen, 
with 0 2 and HCL common fraction 
additives. 

• Film Shrinkage 

Film shrinkage is only slightly effected 
by the deposition rate. Increasing the 
deposition rate by over 50% only 
increases the film shrinkage by 1-1.5% 
(see Figure 8). 

Film shrinkage is also shown to vary 
slightly depending on the specific 
deposition conditions. Figure 9 details 
the effect of varying the chemical flow, 
ozone concentration, and deposition 
temperature. This data is post- 
densification at 1000°C for 15 minutes 
in nitrogen. The general trends show 
that higher-temperature, higher-ozone, 
and lower-chemical-flow films exhibit 
lower shrinkage. 

• Gap-Jill extension to 0A0 technology 
Gap-fill extension capability to smaller 
geometries is critical in today's 
manufacturing and development 
environment. Table 3 shows data from 
1998 indicating APCVD gap fill was 
superior to both HDP and SACVD, 
extending to 0.13 um. Figure 10 shows 
the complete gap fill of a 0.10 um 
generation trench by the Linear 
Injected TEOS:Ozone APCVD 
process. 

• Tttickness uniformity 

Acliieving high yields requires good 
thickness uniformity to ensure 
optimum across the wafer planarisation 
without dishing to the oxide or erosion 
to the nitride corners. The uniformity 
characteristics of the AP.CVD 
TEGS: Ozone process are shown in 
Figure 11. One-sigma uniformity of 1% 
can be considered complete satisfactory 
to the 0.13 um generation, and 
approaches the requirement of 0.75% 
one-sigma for the 0.10 um generation. 
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CONCLUSION 

TEOS:Ozone processing is highly used 
for shallow trench isolation applications 
owing to its excellent gap-fill capability. 
We have reviewed the requirements for 
precise control of the complicated 
TEOS:Ozone reaction to produce a 
high-quality shallow trench oxide film. 
Special consideration to the gas 
injection system design is critical to 
obtain all of the desirable film properties 
simultaneously with a chemically 
efficient process. Data presented on 
stress, etch rate, shrinkage and 
uniformity all show that high 
(>3000A/min) deposition rates can\be 
used, and the final film properties are 
primarily and precisely controlled by 
the densification conditions. The 
requirements for the 0.10 um 
generation - including gap fill - have 
been met by the Linear Injection 
APCVD TEOS:Ozone process. .The 
benefits of the Linear Injector include 
short gas residence time, rapid 
exhausting of the gas-phase by-products, 
high chemical efficiency; and effordess 
scaling from 200 to 300 mm. 
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Complete gap fill at V 
O.IO um: O.IO gap at pad oxide; 
0.07 pm bottom gap; 0.52 um 
depth; 86-88° sidewall angle; 

post-densification and etch 
decoration, 20 s in 30:1 B0E. 
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Thickness uniformtiy: 8000A films; 1.0% la; ±2.1% 
range; 200 mm wafers; 49pt 3mm e.e. 





Comparison of gap-fill technologies (Nandakumar et at 1998 IEDM13). 
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